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ABSTRACT
Janus is a bi-directional, multi-functional edge probe used to diagnose the
ion and electron parameters in the Alcator C tokamak scrape-off region. Two
mirror image sets of diagnostics are aligned to face the electron and ion sides
(as defined by the plasma current, 4,) along magnetic field lines. Each set of
diagnostics consists of a retarding-field energy analyzer (RFEA), a Langmuir
probe, and a calorimeter. The RFEA can alternatively sample both the ion
and electron parallel energy distribution functions during a tokamak discharge.
From the Langmuir probe, one can infer electron temperature, density, and the
plasma floating potential. Simple Langmuir probe theory is found to yield the
best agreement between the measured Langmuir probe characteristics and the
RFEA-inferred T,. The calorimeter independently detects the total parallel heat
flux incident to an electrically floating plate. The measured sheath transmission
coefficient, however, is typically lower than the theoretically predicted value by a
factor of ~ 3. Together these diagnostics enable detailed, localized edge plasma
characterization on Alcator C.
Large electron side/ion side parameter asymmetries were observed. Higher
ion and electron temperatures and densities at the probe location occur on the
electron side when the toroidal field (Bt) is antiparallel to I. The direction
of B with respect to I,, and variations of the plasma in-out positions, change
the magnitude of the asymmetry. Possible directional asymmetry mechanisms
include poloidally asymmetric perpendicular diffusion and parallel flow. T is al-
ways greater than or equal to T,. Minor equipartition contribution causes weakly
coupled ion and electron energies. Large anomalous perpendicular conduction is
necessary to balance the dominant parallel convection and compression losses
for both the ion and electron species. During an ICRF fast wave experiment,
evidence of direct edge heating in the immediate vicinity of the antenna is ob-
served. Increasing rf power spreads the heating throughout the edge region,
forcing flat temperature profiles. Observation of increasing high-Z impurities can
be attributed to the increase in physical sputtering rate at both the antenna's
Faraday shields and the limiter surfaces.
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Tien-Fang Yang, Senior Staff Scientist, Plasma Fusion Center, M.I.T.
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CHAPTER 1
INTRODUCTION
In the process of reaching toward commercial realization of fusion reactors,
the role of the edge plasma becomes more and more prominent as each new
experimental device reaches for higher and higher density, temperature, and con-
finement time. The edge plasma is defined as the buffer region between the core
(or bulk) plasma and the vacuum wall. It is a region in which the plasma first
intersects a solid material surface. It is also a region in which the primary fuel
enters the experimental configuration. Thus the edge plasma is a complex region
governed by a variety of different physics processes, including plasma processes,
molecular and atomic processes, and plasma-surface interactions.
The separation between the bulk plasma and the edge plasma can be
achieved by using either mechanical or magnetic techniques. These two tech-
niques are illustrated in figure 1.1. The mechanical scheme employs solid ma-
terial apertures, or limiters, to limit the bulk plasma dimension. The magnetic
scheme uses magnetic divertors to create localized magnetic perturbations to the
normal magnetic topology and generate a separatrix surface. All field lines out-
side of this separatrix surface will eventually be diverted into a separate vacuum
chamber where they intersect a target plate. Typically the divertor-controlled
discharges run at higher edge temperatures and lower densities as compared to
the limiter-controlled discharges. Therefore the physics processes governing the
edge plasma are different for each of the operating scheme.
Regardless of the operating scheme, the presence of a solid material interface
creates a strong perturbation to the edge plasma. Appendix A describes some of
the processes occurring at this plasma-material interface which can be categorized
into three mechanisms: recycling, low-Z, and high-Z impurity release mechanisms.
An excellent review is given by McCracken and Stott1 .
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Recycling can be defined as the processes which allow a fuel ion incident on
a wall surface to return to the plasma. These processes are strongly influenced
by the incident ion energy and the target conditions. Typically the re-emitted
particles are neutrals possessing different energies than their initial incident ener-
gies. By introducing additional fuel particles back into the edge plasma, recycling
would have a major impact on the overall particle and energy balances in this
region.
Oxygen and carbon are the two most populous low-Z impurities in a typical
fusion device. Oxygen is present due to the abundance of water molecules in air.
Carbon is present due to the difficulty of purging carbon once it is introduced
into the experimental system. These low-Z gases are adsorbed onto wall sur-
faces by either chemical or Van der Waal forces. They are released by different
desorption processes such as thermal, particle, or chemical desorptions.
During the early days of tokamak experiments, the low-Z impurities were
the dominant impurities in the edge plasma. It was believed that the presence
of low-Z gases helped in achieving higher core plasma temperatures since fully
stripped low-Z ions would increase the Spitzer resistivity which results in better
bulk heating. However, low-Z particles ionize at low plasma temperatures. Thus
regions near the limiter typically have lower temperature due to the large abun-
dance of partially striped low-Z impurities which radiate away a large fraction
of the local energy. This causes the current profile to peak on axis and leads
to unfavorable changes in the MHD stability properties of the discharge1 . Using
various vacuum techniques such as discharge cleaning we can reduce the popu-
lation of low-Z impurities. This pre-experimental cleaning has allowed tokamaks
to operate at much higher densities than before.
The high-Z impurities are either wall or limiter materials. Their release
mechanisms are different than the two previously described mechanisms, and in-
clude processes such as evaporation, sputtering, arcing and blistering. It is these
high-Z impurities that ultimately dominate overall energy balance pictures for
18
reactor-relevant tokamak conditions. Extrapolating the high-Z impurity concen-
tration of present day experiments to future reactor conditions, the energy loss
due to line and bremsstrahlung radiation could exceed the fusion energy released,
thus quenching the burn. In addition, partially stripped high-Z impurities tend
to radiate away most of the energy near the center of the core plasma, yielding
a hollow temperature profile which inadvertently would also generate instabilities
leading toward plasma disruptions.
In addition to the different types of particles entering the edge plasma
due to plasma-surface interactions, the fuel particles also pass through the edge
region. Gases are typically puffed through a local access port into the edge
region where they are ionized while drifting toward the core plasma region. The
presence of these fuel particles along with the particles released by plasma-surface
interactions create a complicated environment for the plasma diffusing into the
edge from the bulk plasma. Appendix B describes some of the relevant molecular
and atomic processes that may occur in the edge plasma.
The performance of the core plasma depends largely on the behavior of
the edge plasma. By controlling the edge plasma by reducing the ill effects the
plasma-surface interactions, better core plasma parameters can be achieved. For
example, utilizing a "closed" poloidal divertor configuration, a high confinement
(H-mode) operating regime was discovered during neutral beam injection3 . The
attainment of H-mode can be correlated with recyling phenomena. Due to the
increased confinement, edge recycling is reduced which leads to a hotter, less
dense edge plasma. Forced edge cooling by enhanced recycling or by the injection
of impurities would quench the H-mode.
Another prominent example is the occurrence of Marfes, which is the man-
ifestation of thermal instability when localized regions of the edge plasma enter
a radiation-dominated mode. The Marfe phenomenon has a threshold that is
proportional to t/I,, where ft is the line averaged electron density and I is the
plasma current4 '.
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As discussed in Appendix A, the plasma-surface interactions are strongly
dependent on the local plasma parameters. Until the past few years, the edge
plasma region was a poorly diagnosed area as scientists concentrated on moni-
toring only the core plasma parameters. As the importance of the edge plasma
becomes recognized, the task of monitoring the edge plasma becomes more and
more crucial.
The focus of this thesis is to develop an edge plasma diagnostic capable of
monitoring most of the relevant information that governs plasma-surface interac-
tions. By applying this diagnostic on Alcator C, we can perform a detailed study
of the edge plasma as a function of core plasma parameters. Furthermore, by
coupling our findings with other Alcator C measurements we can study the cor-
relation of the measured edge parameters with the observed impurity behaviors
that can be connected to plasma-surface interaction mechanisms.
1.1 Alcator C
The Alcator C tokamak is a compact toroidal device characterized by oper-
ating at high magnetic field. Figure 1.2 shows a cartoon of the device along side
of a "standard" 2-meter man. The main difference between Alcator C and other
tokamaks lies in the toroidal magnet design. Instead of discrete TF coils, Alcator
C employs the "Bitter plate" magnet design which uses a continuous winding of
copper plates in the toroidal direction. The plates are interlocked and reinforced
with stainless steel, allowing them to withstand the large forces while operating
at high magnet field. Furthermore, the entire magnet is immersed in a liquid
nitrogen Dewar. Since the copper resistivity reduces by factor of 7 when cooled
to liquid nitrogen temperature, the total electrical requirement of Alcator C is
drastically reduced, even with the expense of the refrigeration requirement of
using liquid nitrogen as coolant.
20
Ii SI I!w ~
~U -d
~ III
/N i
m /
,~ ,'
I
'a.
U' 0
0 I.-
I
I
/
Figure 1.2 Alcator C.
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By operating at high field, and by enforcing strict vacuum requirements,
Alcator C can operate in a wide range of parameters, Table 1.1 summarizes
typical and maximum operating parameters of Alcator C.
Major experiments carried out on Alcator C include RF heating and current
drive6 '7 , pellet injections,*, impurity injection and transport analysis9 '1 0 . By
injecting frozen hydrogen pellets into the plasma and raising the central density,
Alcator C became the first device to surpass the Lawson Criterion for breakeven
(nrE) in 1983. It also has the distinction of demonstrating the current drive at
a higher core plasma density than any other experiment.
1.2 Thesis Outline
This thesis is divided into 5 major sections. The first section provides
the introduction and background. In the next chapter, the relevant theoretical
background is discussed and will be used in later chapters. The second section
describes the instrumentation aspect while chapter 3 discusses the instruments
and chapter 4 discusses the operational and analytical techniques. Most of the
experimental data and their interpretation are presented in section III. Chapter
5 contains the data from two of the instruments, the Langmuir probe and the
retarding-field energy analyzer, as a function of various core plasma parameters.
Chapters 6 and 7 present feasible explanations to two commonly observed edge
phenomena on Alcator C. Chapter 8 presents the data and interpretation of the
other instrument used, the calorimeter. In section IV (chapter 9) we present a
specific example of plasma-surface interactions on Alcator C. Through correlation
with other measurements, a consistent picture of the Alcator C edge plasma
during the ICRF heating experiment is presented. Finally section V (chapter
10) summarizes the findings and offers the author's opinion on needed future
activities.
22
Table 1.1 Typical and range of operating parameters of Alcator C.
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Alcator C Parameters Standard Values Range of Values
Rmaj.r 64 cm 5 7 - 7 1 cm
rminor 16.5 cm 10 - 16.5 cm
BtoroiaO l 8 tesla 5.5 - 13 tesla
I,, 400 kA 100 - 700 kA
n,(central) 2 x 101 cm-3 0.1 - 20. x 1014 cm 3
T 1500 eV 1000 - 3000 eV
T 1100 eV 500 - 2000 eV
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CHAPTER 2
THE EDGE PLASMA
Alcator C is a limiter-controlled device, employing two sets of full-poloidal
ring limiters to create the buffer edge region between the core plasma and the
stainless steel vacuum wall. Particle and energy fluxes diffuse perpendicularly
from the core plasma into the edge plasma and are lost along the magnetic field
lines to the limiters. This simple picture of the edge plasma is presented in
figure 2.1.
In reality the edge plasma is a complex region. A complete model of the
edge plasma must properly balance the plasma, neutral, and impurity particle,
momentum, and energy sources and sinks. Thus plasma, atomic, molecular, and
surface physics effects must be considered. It is a difficult task and much effort
has been devoted to the modelling of the edge plasma1 ,2 ,3 "',.
The goal of this thesis is to provide an experimental investigation of the
edge plasma phenomena. In light of the difficulty of accurately modelling the
edge plasma, the author will instead employ simple theoretical arguments to
justify the observed phenomena at the Alcator C edge plasma. This chapter
presents the background of some of the theories that will be used in the later
parts of this thesis. Section 2.1 presents a summary of the physics behind the
formation of a stable plasma sheath. A simple model of the edge plasma that
considers both the radial and parallel terms is discussed in section 2.2. Finally,
the entire edge plasma is strongly perturbed by virtue of inserting a large probe
into the region. Section 2.3 discusses some of the possible perturbing effects of
a large probe and techniques of recovering the unperturbed parameters using a
theorem by Stangeby.
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Figure 2.1 A simple picture of the edge plasma.
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2.1 The Plasma Sheath
What will happen when an electrically isolated solid is suddenly immersed
into a plasma? In the beginning, both the electrons and ions will strike the solid
at their random flux values equalling
1 -
r = 4 n,j C,,o, (2.1),
where e,,i = 8T'. (2.2)
w rn,,5
C is the averaged velocity; T and n are the particle's temperature and density
respectively; m, and mi are the electron and ion masses; and k is the Boltzmann
constant. By quasineutrality, n, = Znj to a high order, where Z is the ion charge
state. (n,, defined as the plasma density, will often be used in place of n, and
Zni for convenience). Unless Ti > T., the random electron flux will greatly
exceed the ion flux due to the large mass difference between the electrons and
ions. Thus the solid will quickly gain a negative charge after the initial contact
with the plasma. In order to preserve the neutrality of the plasma, the solid
will develop a negative potential difference between the solid and the plasma
potential. This potential difference is defined as the sheath potential, Vh,,,th.
And the region where the potential drop occurs is called the sheath region. An
excellent review of the sheath theory is presented by Stangeby".
A crude estimate of V,,..t can be arrived by modifying the electron flux
by the Boltzmann factor exp(eVa,.t,/kT,), where q. = electron charge = -e.
Equating the modified electron flux and the ion flux, for an electrically floating
solid, we get
in, C. = n, 0eeV-#I..,hT-. (2.3)
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Thus
eV-I - IT. In . (2.4)
2 miT,"
Assuming a hydrogen plasma and Ti = Te, eVY.eat/kT. ~ -3.8.
From a simplistic point of view, both the ions and electrons retain their
Maxwellian distribution functions before entering the sheath region. In traversing
the sheath, the majority of the electrons are repelled before striking the solid
surface. Electrons with sufficiently high energies to allow them to overcome the
potential barrier will each lose an amount of energy equal to eVh..t. In the
meantime all ions entering the sheath region will reach the solid surface. Each
ion will be accelerated by the negative sheath, picking up an energy equal to
eZIV.h%..tI, where 9i = ion charge = eZ. Therefore, despite the fact that ions
arrive at the solid carrying significantly more energy, in reality each ion only
contributes its thermal energy toward the overall heat flux incident on the solid.
The primary contributors to the overall heat flux are the electrons since they
are the species that must maintain the negative sheath. So the electrons not
only contribute their thermal energy, but they also add a component associated
with the sheath potential. More detailed heat flux analysis will be discussed in
Chapters 6 and 8.
How far does the sheath potential extend into the plasma? Detailed theo-
retical modelling shows that the sheath structure can be divided into two com-
ponents: a localized sheath region and a presheath region which extends far into
the plasma. The presheath effect will be treated later. But first let us obtain
an appraximate extent of the sheath by using a simple model. Since the major-
ity of the electrons are repelled, inside the sheath region ni dominates over n,.
Applying this appraximation to the 1-D (z) Poisson's equation, we get
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d 2V(X) -e
...- (Zni(z) - n,(x)), (2.5)
-eZni(x) (2.6)
(2.6Co
where V(z) is the potential as a function of parallel position x, and to is the
free space permittivity. For simplicity Z = 1 is used for this analysis. The ion
current, P, is defined as a constant and equal to
P' en1(z)v;(:), (2.7)
where vi(z) 2V-X) , (2.8)
Assuming the flow is space-charge-limited, or ' 1,0 = 0, and further assuming
V(x = 0) = 0, we can solve equation (2.6) and obtain
9 4e1 VViV 8 i, (2.9)
,heatA
where 6 ,,.te is the sheath thickness, and V is the potential difference over
6,h..te. Equation (2.9) is also known as the Child-Langmuir Law7 for current in
a space-charge limited diode.
From equation (2.1) we have a crude estimate of I er'. Using equation
(2.4), we can appraximate V6 as Va.th, and solve for 6 ,.eth. We get
6
,h,.teat& 1. 2 5 5 (f,)t ( ) vib,,, (2.10)
where ADe,,, = electron Debye length,
n. e2Tc(2.11)
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The coefficient f. equals IeV.,,../,1kT. Assuming a hydrogen plasma and T, =
T, 6 ,s.eath ; 3.4 Aiey,. Despite the crudity of this model, the ,,.. value
obtained gives us an order of magnitude estimate of the thickness of the sheath
region. Including the electron density terms in equation (2.5) would yield a
slightly larger 6.th.. Using a more complete model, Sel' estimates the sheath
thickness to be on the order of 10 ADebye-
A fundamental characteristic of the behavior of a plasma is its ability to
shield out any applied potential if the system dimension is much larger than
the electron Debye length. However, the presence of the sheath potential has
a strong effect on the plasma beyond the sheath region. This effect is called
the presheath effect and was first derived by Langmuir9 and Bohm' 0 . In their
treatment they assumed monoenergetic ions with initial velocity v1 . Electron
distribution is Maxwellian. Integrating the distribution functions over the veloc-
ity space, we can obtain expressions of ni and n. as a function of the potential
V(z). By substituting these density expressions into equation (2.5) we arrive at
the following form of Poisson's equation:
= n,4( + u-2 - e-, (2.12)
where 17 Te V , (2.13)kT.
UI2 kT and (2.14)
,e 2
V k z . (2.15)
co kT,
Equation (2.12) can be solved by using an integration factor 9, and assume
di) ~0. Finally, expanding the solution near the origin q = 0, we obtain the
necessary inequality in order for equation (2.12) to have a solution:
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U1 > - (2.16)
or v1  > -. (2.17)
Equation (2.17) states that in order for a stable sheath to form, the ions must
be drifting toward the solid surface with a velocity equaling the ion sound speed,
C. (= V/kT,/mi), at the sheath edge. This effect is also known as the Bohm
Sheath Criterion. For T 0 0, the sound speed is defined as
C,(T . )(2.18)
For analysis of waves in plasmas, C. in equation (2.18) includes an adiabatic
index -y. in front of T, where gamma, ranges from 1 to 3. It is not clear what
value of gamma, should be used. For this thesis C. is defined with y. = 1.
Using kinetic theory formulation, where the ion velocity distribution func-
tion, fi, is allowed to be general, the Bohm Sheath Criterion is generalized to
be
d -. 7' , (2.19)
where v. is the parallel ion velocity. From the Bohm Sheath Criterion, we can
obtain an approximate expression for the ion and electron fluxes:
S ;Z n, C,. (2.20)
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The "exact" plasma sheath problem has yet to be solved. Thus far Emmert
and co-workers"' have offered the closest approach by solving the plasma-sheath
equation for a collisionless plasma with arbitrary ion temperature in plane ge-
ometry. The electron density still follows the Maxwellian distribution. The ion
densities are derived by assuming the presence of a source function S(E., z),
which depends on both the parallel position x and parallel energy E.. E. is a
constant of motion defined as
E.(z) mi v(X)2 + qiV(r). (2.21)
2
Substituting the ion and electron expressions into the Poisson's equation, they
obtain the integral-differential form of the plasma-sheath equation:
d2 V(z) en,(z = 0) eeV()/hT.
dz 2  to
2qiZ L *c S(E,)( ' dE, , (2.22)to 0 fe.(X=O) Vz (EZ, Z)
where L is the distance to the solid surface. The ion distribution function and
the particle and energy fluxes to the solid are all independent of the func-
tion S(EZ, c). Figure 2.2 plots the resultant eIV.h,,th/kT as a function of
r(= TI/T,). The same parameter obtained by equation (2.4) is also plotted for
comparison.
By solving for the spatial dependence of V(z), a spatial profile of the evo-
lution of the ion distribution function can be obtained using Emmert's kinetic
model. Figure 2.3 plots the ion distribution functions at four spatial positions
corresponding to z = 0, at the sheath edge, at the wall, and at an intermedi-
ate point between z = 0 and the sheath edge. The dashed line traces out a
shifted half Maxwellian at the sheath edge, offset by the ion sound speed. The
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Figure 2.2 Comparisons of eIV.jA..lt/kT using Emmert's kinetic model and the
simple sheath model.
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difference between the two distribution functions due to presheath effect is also
incorporated into Emmert's model as multipliers which depend on T/T. The
application of Emmert's solution in modelling the edge plasma will be described
in later sections.
The plasma-sheath problem is a nontrivial problem. By incorporating in the
finite ion temperature, Emmert's model takes a step toward simulating the edge
plasma of fusion devices. However, for high edge density devices such as Alcator
C, the edge plasma could be collisional and Emmert's model would eventually
fail. Furthermore, Emmert's model fails to properly account for the source diffu-
sion in and out of the sampling flux tube, where the source function is derived
from the unperturbed distribution function far away from the probe surface. In
reality, particles diffuse into the flux tube at the unperturbed distribution func-
tion while diffusing out of the flux tube at the localized, accelerated distribution.
More extensive modelling of the plasma-sheath problem is currently under way1 2
in an attempt to provide more thorough understanding of the plasma in both
the presheath and sheath regions.
2.2 A Simple Edge Plasma Model
The Alcator C edge plasma is a complicated region with parameter varia-
tions in the radial13 14 , poloidal'"3 14 , and toroidal"'," directions. It is difficult to
model these asymmetries while including the various physics phenomena. Instead
this thesis intends to explore the edge plasma experimentally. A previous study
using a full poloidal array of Langmuir probes at three different radii has been
conducted on Alcator C13 to examine the radial and poloidal variations. This
thesis concentrates on examining more edge parameters, both ions and electrons,
located at one poloidal location while monitoring parallel and antiparallel to the
field lines simultaneously.
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Figure 2.3 The ion distribution function f(u) vs u (equation (2.14)) at the center
(lP = 0), somewhere between the center and the sheath edge (T =
%,d,/3), at the sheath edge (T = ',.,,, and at the wall (P = T 1..).
f/ = -eV(z)/kT. The shifted half Maxwellian at the sheath edge is
represented by the dashed line.
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This section provides a simple edge plasma model that will be used in the
later parts of this thesis in order to explain some of the observed edge phenom-
ena. The model includes the parallel (or toroidal) contributions by using the
results of Stangeby' and Emmert" and radial contributions by approximating
the perpendicular transport coefficients. The first three subsections will discuss
the continuity, momentum, and energy equations. The fourth subsection will
briefly examine the validity of the fluid approximation.
2.2.1 Continuity Equation
A simple model of the edge plasma is presented in figure 2.1. In this model,
the particles diffused into the edge plasma region (or scrape-off layer) are all lost
via parallel convection to the limiter surfaces. In reality there are also particle
sources in the edge region. Therefore the steady state continuity equation can
be written as
v . = s, (2.23)
where S, is the particle source. Typically the dominating source is due to ion-
ization of background neutrals by various impact ionization and dissociation pro-
cesses. A more detailed description of these mechanisms is presented in Appendix
B. Grouping all ionization mechanisms together, S, can be represented by
S, = n, in, ( v)i,, (2.24)
where n, is the neutral density and (OV)i.ni is the total ionization rate coeffi-
cient.
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r is the particle flux. A simplified representation of the parallel particle
flux at the solid surface is given by equation (2.20). The kinetic model" replaces
the factor of . by a density reduction factor f(r). f(r) ~ 0.487 at Ti/T, = 0,2
and f(r) ~ 0.798 as T/IT. -+ oo. The parallel flux of equation (2.23) varies along
field lines and can be expressed as
ri (z) = n, og (2.25)
where z is the distance along a field line. Both n, and the parallel velocity "11 can
vary along z. The perpendicular (or radial) particle flow can be approximated
by using Fick's Law
r, = r = -Dj &, (2.26)
where D. is the perpendicular diffusion coefficient. Combining equations (2.24)-
(2.26), the complete continuity equation becomes
(n + - D- = *,), (oi),,z. (2.27)
Using the kinetic model to express V - r1 , we get
f(r)nC. - ' (D- = nnn(aV)in;,, (2.28)
where L11 is defined as the parallel scale length.
If there are no momentum sources, for Alcator C's limiter setup L11 can be
appraximated as half the distance between the limiters. Furthermore, assuming
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n, as the only variable in minor radius with boundary conditions n,(r = a) = n.
and n,(r -+ oo) = 0, where a is the minor radius, we can solve equation (2.28)
for n,(r)
n,(r) = n. (2.29)
where An = density scrape-off length
= D-. (2.30)(f(r)C,/L) - nn 2o.30
The source term can be neglected if it is much smaller than the parallel loss
term, yielding the criterion
DLLA = .r)C if (2.31)
f(r) C" n(o io)1 z*. (2.32)
L11
Appendix B contains the (uv);,~,n values for various ionization processes. As-
suming the dominating process is due to electron impact ionization of neutral
hydrogen atoms, (a?)ini, : 2 x 10-cm3 /s for 10eV < T, 100eV. Applying
typical Alcator C edge conditions of T ~ 25 eV, T. ~ 15 eV, and L, ~ 67 cm
to equation (2.32), we get
n, < 2.3 x 1012 cm-3. (2.33)
Therefore as long as nn < 2.3 x 1012 cm-3 , equation (2.31) is applicable. Edge
neutral density is typically ~ 1010 - 1011 cm-3. Unfortunately there is no edge
38
diagnostic available to measure the edge neutral density profile on Alcator C.
Thus the validity of equation (2.31) is in question.
Assuming equation (2.31) holds, we can obtain a rough estimate of the
perpendicular transport characteristic of the Alcator C edge plasma in terms of
measurable parameters. The perpendicular diffusion coefficient is approximately
A2 C f (7)Di =. (2.34)
Experimentally measured A,, - 0.4 cm. Therefore D± ~ 7400 cm2 /s. This
value is several orders of magnitude greater than the neoclassical value. Typ-
ically in tokamaks bulk ion transport is about 5 times the neoclassical values
while electrons behave anomalously17 . However the edge transport is always
anomalous 8 '1 9 . Past experiments 20 ,21,22,23 have observed that the edge particle
diffusion scales approximately to the Bohm diffusion coefficient
DBohm = 625 T. (eV) 2 /S) (2.35)B (tesla) cm
where B is the magnetic field strength which ~ 8 tesla for routine Alcator C
operation. DBohm ~ 1172 cm 2 /s for typical Alcator C edge conditions. Therefore
D-L/DB,hn ~ 5.
2.2.2 Momentum Equation
In the edge plasma region, parallel (or toroidal) flow with flow velocity on
the order of sound speed has been experimentally observed24 . In modelling the
parallel flow it is essential to study the momentum equation. And due to the
mass difference, only the ion momentum equation needs to be considered. Taking
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the first moment of the Vlasov-Boltzmann equation we obtain the complete ion
inomentum equation 25
mi niV~i ai = -VPi-V -
+ ini(E + ix ) -+SM, (2.36)
where mi, ni, and q, are the ion's mass, density, and charge. Pi(= ni T) is the
total pressure; r is the viscosity tensor; R is the mean change of momentum of
the ions due to collisions with all other particles; and i is the ion mean velocity.
E and B are the external electric and magnetic fields. S, is the momentum
source which can be described by26
S = S, ( - V-0), (2.37)
where S, is the particle source function of equations (2.23) and (2.24), and V.
is the initial particle velocity as it enters the sampling flux tube.
Compared to V - P, the viscosity and collisional effects are negligible2 7 .
Since only the parallel component of equation (2.36) is investigated here, vi x B =
0. The parallel electric field term can be approximated by the presheath effect26
described in section 2.1
qg ni Ell ; -kT -- (2.38)
8:
Finally, assuming the temperature profile along the z direction is constant and
taking the steady state approximation of the parallel component of equation
(2.36), we get
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d kT dn kT dni Sp (VC - VO,
C.2 dni S, V
ni dz n (1 O (2.39)
Defining M = v'/C. and Mo A voIC., equation (2.39) and the continuity
equation can be reduced2" to
n(M)
no
dM
dz
1 ad
1 + M 2 - MOM' and
S, (1 + M2 - M Mo) 2
no C, (1 - M 2 )
(2.40)
(2.41)
where ni = no at M = Mo. Integrating equation (2.41) we get
S, z
no C,
Al M=M,
1 + M 2 - MOM M=M'
where i and f are initial and final positions, respectively.
The relevance of the momentum equation in explaining the possible effects
of toroidal flow will be discussed in Chapter 7. In this treatment of the ion mo-
mentum equation, we have already assumed an isothermal condition. To properly
solve the momentum equation detailed energy equation must also be solved. In
this section the need to solve the energy equation is removed by the assumption
of isothermal ions.
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(2.42)
2.2.3 Energy Equation
Considering the number of different processes occurring in the edge plasma
region, it is a nontrivial task to balance an individual species' energy. Unlike the
momentum equation, both the ions and electrons must be considered. Detailed
experimental investigation of the ion and electron energy balances are presented
in Chapter 6.
The energy equation for species j can be expressed as2'
3 + = -Pj V - v 3 - V - Ya - am*
V + + ,(2.43)
where g. is the heat flux carried by the particles; Q is the heat generated in
the plasma of particles of specie j as a consequence of collisions with particles
of other species; and Q! is the heat source or sink due to other possible edge
processes.
Each term of equation (2.43) has a radial (I to B) and a parallel (to
B) component. Once again, parallel gradients of the temperatures are neglected.
Therefore, in steady state, the left hand side of equation (2.43), or the convective
energy term, can be reduced to
3 n Ty ( j+ 3 -dT.
- n vi ,(2.44)
by Du () ( (), (2.45)
by using Fick's Law (equation (2.26)).
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Starting from zero net drift velocity, the ions are accelerated to the sound
speed along the field line due to presheath effects. To maintain quasineutrality,
the electrons also assume the sound speed flow. Therefore, for a floating plate,
CS (2.46)
In another words, each of the plasma species is loosing a certain amount of
parallel compressive energy due to presheath effects.
V - mj is difficult to estimate. If Fick's Law is valid, then
i ~ dn,. (2.47)
Experimentally we typically observed that the plasma density n, decays expo-
nentially in the edge plasma region. Therefore (Vjn,)/n, ~ constant. If D1
is constant with respect to the minor radius, then V 1 - vi ~ 0. That is, if
D , varies with minor radius, then the density profile observed would not obey
simple exponential profiles.
If the velocity distribution function, fi(vI), is known, the parallel heat flux
can be directly integrated. As a first cut approximation, for cartesian coordi-
nates, the parallel heat flux equals
I :. dvj1j dv, dV 2m 1 1 (V2 + V2 1 + V2 )f(i, (2.48)
where vj 1 and Vi1 2 are the perpendicular velocity components and vct is the
parallel cut-off velocity which is different for ions and electrons and is dependent
on the sheath potential. If no presheath effect is present, .
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Vet= 0, for ions, and (2.49)
Vet= 2IeVae|, for electrons. (2.50)
me
Figure 2.4 plots the electron and ion parallel velocity distribution function far
away from a solid surface. The shaded portions of the distributions are the re-
gions of the distribution functions that ultimately strike the solid and contribute
toward q .
Substituting v,.t = 0 for a Maxwellian ion distribution function, we obtain
q = 2kTin, k T (2.51)
21rmi'
Using Emmert's kinetic model", the ion distribution function is modified due to
the presheath. Equation (2.51) is then adjusted to be
kT,
q = pA P& 2 kTi nf irm. (2.52)
The two coefficients yAS and Pw arise from the presheath. They represent,
respectively, the enhancement of the energy and particle flux over what they
would have been if the ions possessed a half-space Maxwellian distribution at
the sheath edge. Both coefficients approach large positive values as Ti/T, - 0.
For T/T, > 1, IA - 1, and Oj -+ 2.1. Stangeby' modified equation (2.52)
and expresses the parallel heat flux to resemble equation (2.20)
= 2pIkT nC.f(r). (2.53)
44
Electron Distribution
-2
-i
Ion Distribution
-4
Figure 2.4 Electron and ion parallel velocity distribution function far away from
the solid surface. The shaded regions represent the portions of dis-
tribution functions that will penetrate the negative sheath potential.
ejV."..thlkT. ~ 3 is assumed.
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The value (2psr) represents the ion contribution of the sheath transmission
coefficient 2S.
Using the sheath potential value to obtain v,.t for the electron parallel heat
flux, we obtain
qI = ( 2 +)kT, (neeVa..t/T.) kTe , (2.54)
where n, exp(eV,..,tA/kT) represents the portion of electrons possessing high
enough energy to penetrate the sheath, and (2kT, + eIV,..tjI) is the average
amount of energy lost by each of the penetrating electrons, and is defined as the
electron portion of the sheath transmission coefficient 28 , -y.. Kinetic treatment"1
assumed that the electron distribution function remains as a Maxwellian. And
since rl = r , the electron parallel heat flux is
= y kTnC, f(7). (2.55)
Combining equations (2.53) and (2.55), the total parallel heat flux equals
to
qtotl = S + q (2.56)
= (2pAr + i,) kT, np C. f(r). (2.57)
(2/Ar + 7) is defined as the total sheath transmission coefficient 2S, 7yit.G. Mul-
tiplying with the electron temperature, -tt.t.1 kT can be viewed as the total
amount of energy deposited onto the material surface by an ion-electron pair.
In a realistic situation, -y7t.1 not only depends on the sheath and presheath ef-
fects, but also depends on plasma-surface interactions, such as secondary electron
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emission, ion and electron particle and energy backscattering, and plasma-surface
incident angless.
Since far away from the material surface the parallel heat flux is 0, the
divergence of q can be approximated by the change of over the entire parallel
scale length L11. Therefore,
(2.58)V11 - ellL 11 '
The perpendicular heat flux, qj, is assumed to be anomalous and can be
modelled by a dependence similar to Fick's Law
j 4q = -np x. , (2.59)
where xi is the perpendicular thermal diffusivity of species j. Unlike D±, where
we can approximate its value by using the continuity equation, xj is a unknown
coefficient. INTOR" uses the ratio for xi/Di ~ 5 - 10. The perpendicular
scale length on Alcator C is typically much smaller than the plasma minor radius.
Therefore, V 1 ~ d/dr.
The viscosity term is a difficult term to treat. An order of magnitude esti-
mate of 7r can be obtained using Braginskii's2 5 transport coefficients. Comparing
with the parallel heat flux term,
ir: C,
- 1, ~ (2.60)VII ' i L '
where -rj is the dominating 90* scattering time for specie j. From Braginskii2s
47
I a
= 211 7  JAT-22; ~ 10 Z 3 n.1 x  _ , and (2.61)Zan, (In A)
T,2
, ~T,; = 3.5 X 105 , (2.62)
Z n, (In A)'
where A is the atomic mass unit of the ion and (In A) is the Coulomb Logarithm
which is a slowly variating function in the range of 10 - 15 in the edge region
of Alcator C.
Plugging in the set of Alcator C edge parameters used in this chapter, we
found that the electron viscosity can be neglected. However, the ion viscosity
can have significant effect on the ion energy balance. If there exists a strong
radial gradient of the parallel flow, then the viscosity term produces a significant
amount of shear drag energy into the edge plasma region. However, it is difficult
to estimate the true contribution of the ion viscosity term since the perpendicular
edge transport is anomalous in nature. Although there is claim of the existence
of a perpendicular gradient in the parallel flow"0 , we can neither measure this
phenomenon nor accurately model it. Therefore the ion viscosity term is also
neglected in our simple model of the energy equation.
Q is the heat exchange between different species as the result of collisions.
Assuming that the plasma is dominated by only the ions and the electrons, Qq
can be viewed as the energy equipartition term and Q! = Q,. = -Qc = Q.
From Braginsii2 S, the equipartition term can be modelled as
Q,= -Q = 3m, n. k(T - T). (2.63)
If is small in comparison with the other terms of the energy equation, then
T is not necessarily equal to T, due to the small energy coupling mechanism.
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As the result of the presence of neutrals and impurities, there are additional
energy sources or sinks, Q', that must be considered in the energy equations. For
the electrons, the presence of low or high Z impurities would result in radiation
power loss Qdj due to radiative decay and recombination. Photons are emitted
when a bound state electron decays from an excited level to a lower, more stable
configuration. Photons will also be emitted when a free electron is captured by,
or recombined with an ion. The amount of steady state radiative energy loss
due to the presence of different impurities (2 < Z < 92) was compiled by Post,
Jensen, and co-workers3 1 , and can be expressed as
Qgd = nz n, PZ, (2.64)
where nz is the impurity density and PZ is the cooling rate.
The neutrals impact the energy balances in two separate ways: ionization
and charge exchange. The mean free path of molecular hydrogen is approxi-
mately 4 cm for T ~ 15 eV, and n, ~ 1 x 1013 cm-3 . Therefore, far away
from the limiters and the gas puffing port, and away from the vacuum wall
surfaces, most of the neutrals are atoms instead of molecules, then electron im-
pact ionization is the dominant process. For each atom, there is an associated
threshold ionization energy 4, which the free electrons must reach to ionize the
neutral. For ground state atomic hydrogen, G ~ 13.6 eV. Excitation processes
would raise the value of ,. f. - 30 eV is used by Matthews in the edge region
of DITE32.Further, for each ionization process, an ion with energy equal to the
original neutral energy E,, is produced. E. ~ 2 - 3 eV for atomic hydrogen as
the result of dissociation of Frank-Condon molecules. Therefore, in association
with the ionization process, the ion and electron energies are altered and are
equal to
Q = n, n, (o v)j . ,, and (2.65)
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(2.66)Qi,= -n, (a v) .,.
Charge exchange occurs when an ion collides with a neutral and an electron
is transferred from the neutral to the ion. The addition of a new ion with
different energy than the original ion can cause a change in the overall ion
energy balance. This term can be modelled as
QC. = n, n, (a v) c k(Tj - En), (2.67)
where (q v),, is the rate coefficient for the charge exchange process.
In summary, the ion and electron energy equations can be reduced to
3 D.-(np (dT
2 dr dr
D (±Z) (!)
d dT +
+ + .+ ,a(L11
+ Qi, + Q11 + Q! and(2.68)
+d (pXdT, np.V v" qe+ (+ Xij ) = nTV*- +-
+ Q.s + Q,..d + q:i.. (2.69)
Ion and electron energy balances using equations (2.68) and (2.69) will be carried
out in Chapter 6.
2.2.4 Validity of the Fluid Approximation
The approach of the previous sections in examining the particle continu-
ity, momentum, and energy equation incorporates the assumption of the edge
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plasma as a multi-specie fluid. This section will examine the validity of the fluid
apprcaimation in the edge region of Alcator C.
The fluid approximation is valid if the plasma is sufficiently magnetized and
the particle's collisional mean free path is small in comparison with the parallel
scale length L11. The magnetization requirement can be expressed as weiri > 1,
and w >r,  1. w, is the cyclotron frequency or gyrofrequency, defined as
w - 0 ,(2.70)
r, and r, are defined in equations (2.61) and (2.62). For typical Alcator C edge
parameters,
w,; r ~ 1.6 x 104, and (2.71)
wc, r. ~ 2.3 x 105. (2.71)
The magnetization requirement is easily satisfied in the Alcator C edge plasma
region.
The collisional mean free path, Aj, is defined as the product of the j specie's
thermal velocity and the 90* scattering time. Once again, substituting in the
typical Alcator C edge condition, we obtain
Ai, = Vt r;; ~ 147 cm, and (2.72)
A,; = v*a -r, ~ 37 cm, (2.73)
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LI, is defined as half of the distance between the limiters, which is ~ 100 cm.
Therefore, the Alcator C edge plasma is not very collisional. For operation at
higher n,, Aj's will be reduced correspondingly.
The effect of collisions is to "Maxwellianize" the distribution function such
that the derivations2" of the continuity, momentum, and energy equations remain
valid. If the ion and electron distribution functions are already Maxwellians in
the edge region, then the fluid approach is still valid. This assumption was
verified using the retarding-field energy analyzer described in Chapters 3 and 4.
Therefore, despite the long collisional mean free paths, the fluid approach used
in this section is still valid. Furthermore, the collisionless assumption used by
the kinetic model" is also reasonable.
2.3 The Perturbing Effects of a Large Probe in the Edge Plasma
By inserting a solid probe, the plasma is perturbed such that the parameters
measured at the probe surface may be different from the unperturbed parameters
in the absence of the probe33 ". The degree of perturbation is determined by
the dimension of the inserted solid. Corresponding to each solid there exists an
ambipolar disturbance length, L 1.. L 1a is the parallel length required such that
the parallel flux lost to the solid can be balanced exactly by the perpendicular
flux entering the collecting flux tube. The flux tube is defined by extending the
field lines intersecting the solid into the plasma. This concept is sketched out in
figure 2.5. The probe is large, i.e. perturbing, if
Lil ; L11. (2.74)
In other words, the probe acts effectively as a limiter.
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\44.01-
Figure 2.5 Balance of parallel and perpendicular fluxes entering a flux tube de-
fined by a solid square probe housing with dimension dh.
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Ll. can be estimated by integrating the continuity equation (2.23) and
assuming S, = 0 inside the flux tube:
A. r1 = A, r, (2.75)
where A1  = 24d Ll., and (2.76)
Al = dh. (2.77)
Using the parallel and perpendicular fluxes used in section 2.2.1, and assuming
dn,/dr ~ n,/d, equation (2.75) is reduced to
p= Cf(r) dl, (2.78)
2DI
For an Alcator C edge probe with a length on the order of 2.5 cm, Ll.~
1200 cm, which is an order of magnitude greater than Lll. Thus the probe
can approaimate a limiter and will command its own scrape-off layer. A typical
Langmuir probe with dimension ~ 1 mm, L11. , 2 cm; The probe is therefore
unperturbing probe and requires no further interpretation.
The process of unfolding the unperturbed values from the perturbed mea-
surements is difficult and thus far only a simplified approach by Stangeby33 ,34
has been proposed. In Stangeby's large probe analysis, 4 different probe con-
figurations were discussed. However, most of the large probes used in the edge
plasma region, including the edge probe used in this research, assumed the most
complicated configuration which is sketched out in figure 2.6. In this configura-
tion, the probe housing and the diagnostic sensors are fixed together, with the
sensors recessed back by a distance A,. The entire assembly is allowed to move
radially. eB and ec represent the measured edge parameters at side B and side
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C. As shown in figure 2.6, the leading edge of the probe housing is located at
r, while the perturbed parameters are measured at r, + A,.
To unfold the unperturbed parameters, Stangeby assumes that the L's follow
exponential profiles with scrape-off lengths AA, A, and Ac for each of the regions
labelled in figure 2.6. Then the perturbed parameters Q,c(r, + A,) can be
unfolded as
eB,c (r, + A,) = o e-'P/A^ e-P/A-,0, (2.79)
where go is the unperturbed value at the limiter edge.
If the edge region is collisionless with no particle, momentum, or energy
sources, and the perpendicular transport into the sampling flux tube is inde-
pendent of r and poloidally and toroidally symmetric, then a radial scan would
yield a measurement of AA since exp(-A,/AB) and exp(-A,/Ac) are constants
throughout the scan. A and AC can be deduced from the geometric relation
AB,C = AA LAc (2.80)
since
0C. (2.81)
C.
Therefore, if C. is constant in regions B and C, then the only variable in equa-
tion (2.81) is L, the connection length to the closest limiter surface. Once eo
and the A's are known, unperturbed values of L can be easily deduced at any
radial position.
Realistically the assumptions that went into Stangeby's large probe model
are not valid in the Alcator C edge region. Experimentally the scrape-off lengths
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measured on both sides of the two-sided probe used in these experiments differ
for different operational conditions and the probe's poloidal position. In view
of the complexity of the edge region, there is no simple, immediately available
solution to unfold the unperturbed parameters from our measurements. Thus the
results obtained here are not modified by the benefit of any large probe analysis.
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CHAPTER 3
INSTRUMENTATION
To understand the mechanisms of plasma-surface interactions requires knowl-
edge of a number of "essential" edge plasma parameters including ion and elec-
tron energy distribution functions, densities, local potentials, heat fluxes, and
their fluctuations. Manos and McCracken' and Cohen2 have recently summarized
the capabilities of edge diagnostics. Most of the previous edge plasma studies
employed either an array of single purpose diagnostics or tried to piece together
information from different diagnostics at different poloidal and toroidal locations.
However, many tokamaks have observed strong poloidal3 ,4''56 and toroidal7''' 9
asymmetries of edge plasma parameters. Consequently a proper correlation be-
tween various edge parameters requires a local, directional measurement. Ideally,
one would like to measure all the "essential" edge plasma parameters at many
spatial locations. However this task is formidable even at only one spatial posi-
tion.
No diagnostic is capable of measuring all the desired parameters directly
without using some theoretical assumptions. The measurement of ion parameters
is especially difficult. During the early stage of this thesis research, a detailed
study of viable ion diagnostics was performed. A sample of those previously
used are surface probes'"', E x B probes121 3 , aperture transmission probes14 ,
Katsumata probes15 , biased heat flux probes"6 , carbon resistance probes 7 , and
retarding-field energy analyzerss,19,20,2 1. Matthews 21 gives an excellent review
on these diagnostics, both the principles and usefulness for fusion plasma appli-
cations. The retarding-field energy analyzer is assessed to be the best overall ion
parameter diagnostics for its versatility and reliability.
A prototype retarding-field energy analyzer (RFEA) was constructed and
installed on a low energy ion beam device22 . An improved model was used on
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Alcator C for short periods of time during the spring and summer of 1984. The
main task of this experiment was to study the feasibility of an RFEA-type of
device in the scrape-off region of a tokamak and to determine possible applica,
tions of the RFEA. This proof-of-principle experiment used a simple RFEA that
could be scanned in the minor radial direction and could also rotate with respect
to the toroidal field. Therefore, the rotational capability allowed the probe to
face either the electron side, the ion side, or anywhere in between, thus allowing
us to determine the proper alignment of the probe with respect to the magnetic
field.
Although the success2" of the proof-of-principle experiment showed that
the RFEA is a viable edge plasma diagnostic, this experiment also exposed some
shortcomings. We found the need to diagnose other edge plasma parameters that
the RFEA cannot measure. We also found significantly different edge conditions
as the probe is rotated about the toroidal field. Subsequently these findings led
to the design of the final instrument: a bi-directional, multi-functional probe
herein denoted by Janus which features two mirror-image sets of diagnostics.
Each set of diagnostics consists of a retarding-field energy analyzer, a Langmuir
probe, and a calorimeter. The Langmuir probes and calorimeters are added to
supplement the RFEA so directional measurements of the "essential" parameters
at a single location are now possible. The diagnostics are aligned such that one
set faces the ion side and the other faces the electron side (as defined by the
plasma current, I,).
Unlike simple Langmuir probes which makes only minor perturbation to the
plasma, Janus is a "large" probe. The implication of using a large probe in the
tokamak edge is discussed previously in section 2.3.
Section 3.1 describes the overall experimental setup and some general de-
sign considerations of Janus. Section 3.2-3.4 will go into detail mechanical and
electrical design considerations and constraints of the RFEA, Langmuir probe,
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and calorimeter respectively. Section 3.5 briefly describes the data acquisition
procedures featuring the MDS system2.
3.1 Overall Experimental Setup and Considerations
Figure 3.1 shows an unscaled artist's conception of the experimental setup of
Janus looking perpendicular to its "viewing" length along a field line. Typically
Janus is inserted from the top of Alcator C, directly centered over the magnetic
axis. Due to the limitation of probe components and insulator designs, the
diagnostic sensors are recessed by about 0.5 cm from the leading edge of the
probe. The relevance of this design feature on the interpretation of results will
be discussed in part III of this thesis.
Alcator C typically operates with two sets of full poloidal ring limiters.
Each set of limiters consists of two full ring limiters. Limiter radii of 16.5 cm,
12.5 cm, and 11.5 cm were used during the Janus experimental period. For the
sake of easy labelling, we defined the two sides of Janus in accordance with
the plasma current direction. Therefore, as indicated by figure 3.1, the Janus
electron side flux tube has a limiter connection length that is twice as long as
the ion side.
Figure 3.2 shows a poloidal cross-sectional view of the overall Janus setup,
including all the vacuum components. Utilizing a combination of bellows and a
Thermionics bellows actuator, Janus can be scanned in the minor radial direction
(perpendicular to the magnetic field). The motion is limited by the vacuum wall
at one extreme and the limiter radius defining the main plasma edge at the other
extreme. The probe is supported by a tube guide installed within the port slot.
This feature prevents the probe from extensive movement during the discharge.
Janus is constructed with a molybdenum casing and Al 20s insulators to
allow for operating at high temperature. In addition, in order to allow for easy
maintenance, the probe head is detachable. This detachment scheme is sketched
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Figure 3.1 Unscaled artist's conception of the Janus experiment setup looking
perpendicular to Janus "viewing" length along a field line.
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Figure 3.2 Poloidal view of the probe and vacuum assembly of Janus.
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in figure 3.3. The connections between the wires originating from the probe
head and the wires from the vacuum feedthroughs are achieved by using Be-Cu
spring electrodes confined by carefully machined matching slot insulators shown
in figure 3.3. The hole patterns of the insulators match the wire patterns from
the probe head and from the feedthrough. The elastic property of the upper
spring electrodes are produced by carefully baking the Be-Cu under set condi-
tions. Since the electrodes are confined by the matching slots of the insulators,
when the probe head is secured onto the tube assembly, the electrodes make
excellent electrical contacts.
Figure 3.4 shows a 3-D view of a set of diagnostics on a single side of
Janus. The retarding-field energy analyzer is flanked by the Langmuir probe
on the inside (smaller major radius, see figure 3.2) and the calorimeter on the
outside. A U-shaped spring is inserted between the two sets of diagnostics in
order to secure all components in place. The entire Janus assembly is less than 1
inch perpendicular (poloidal) and 11 inches parallel (toroidal) to the view shown
in figure 3.1.
The associated electronics are all grounded at one point on the Alcator C
vacuum vessel with electrically isolated trays supporting the wires between the
probe and the electronics. Electronics for the diagnostics will be discussed in
the subsequent sections.
3.2 Retarding-Field Energy Analyzer (RFEA)
The RFEA is a versatile edge diagnostic designed to measure the ion and/or
electron energy distribution functions. Early versions of the RFEA were used on
beam-type devices25 ,26 and for space applications27 to measure the behavior of
the space plasmas.
In a magnetized environment, the RFEA measures the parallel energy dis-
tributions of ions and electrons along magnetic field lines. Previously, different
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versions of the RFEA have been used successfully in various fusion devices for
different purposes 1 12 2 1 . An excellent review of the design principles of the
RFEA is given by Molvik20 .
Figure 3.5 shows a cross-sectional view of the RFEA used for Janus. It
consists of 5 components: a knife-edge slit, 3 double-sided mesh electrodes, and
a collector. All components rest in Al 2 03 insulators and are pressed together by
using a flat, U-shaped, stainless steel spring. Detailed operational and analysis
techniques will be discussed in section 4.1.
If enough particles enter the analyzer and are neutralized, there is a possi-
bility that neutral density may build up inside the analyzer. This consideration is
taken into account in the design of the analyzer by providing a neutral pump-out
passage just before the collector plate (see figure 3.5). Photoelectrons can also
contribute to the total collector current. However, given the geometry of Alcator
C, the high energy photon flux is unlikely to produce significant contributions.
This is verified in the proof-of-principle experiment.
In the subsequent sections we will go into detail regarding the design con-
siderations of the entrance slit and the gridded electrodes. The collector does not
have much restriction as long as it has good electrical, mechanical, and vacuum
properties.
3.2.1 The Entrance Slit
The knife-edge slit is the most difficult component of the RFEA to design
and manufacture. It is the piece that separates the edge plasma and the an-
alyzer chamber and is constantly facing a large heat flux. Therefore, the slit
must possess sufficient thermal mass and superior thermophysical properties to
withstand the heat flux. In addition, the slit is designed to be biasable. These
requirements impose a strict limitation on the possible materials that can be
used.
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Figure 3.5 Cross-sectional view of the Janus retarding-field energy analyzer.
70
r m
MO Mm W
do m, m
4)
LLU
U
U
IE
LI
I
Tungsten was chosen due to its overall thermal properties and high melt-
ing point (~ 3600K). (Detailed material selection criteria will be discussed in
section 3.4). However, tungsten is difficult to machine and to weld. Each slit
is comprised of two half pieces which are "carved" out of tungsten by using
wire EDM processes. The knife-edges are machined by using conventional EDM
processes and a notch besides the knife-edge defines the slit width. The two
half pieces are welded together by electron beam. The weld joints are easily
oxidized, thus they are very brittle. A superior mechanical design of making the
two pieces with portions of each piece overlapping the other piece was designed
(but never used) to reduce the fragility of the weld joints.
The slit opening at the plasma side must be less than twice the sheath
thickness, 6,ahet, in order to assure the continuity of sheath potential surface
across the the front of the slit. This design constraint assures that the charge
particle distribution functions are not perturbed by a uneven distribution of
the sheath potential. And the particle distributions and fluxes are the same
quantities as those experienced by a limiter surface. Theoretically behenth is
characterized as2 1,2,29
6
.ieath 5 10 ADeb,, (3.1)
where AD.D,. = 743 -*- (cm). (3.2)
Here T. is the electron temperature in eV and n, is the plasma density in cm- 3 .
Applying typical Alcator C edge conditions of T, ~ 15 eV and n, ~ 1 x 1013
cm-3, we obtain AD.,, - 9 pm. The RFEA slits for Janus are designed with
a width of 30 pm. The continuity of the potential across the slit gap will be
demonstrated in section 4.1.
In magnetized plasma, charged particles gyrate about magnetic field lines
with a gyroradius p, which for ions is defined as:
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p; a 1.02 x 10- 2  Z B (cm), (3.3)
where u is the mass (in amu) of the ion with charge Z; Ti is the perpendicular
ion temperature in eV; and B is the magnetic field in tesla. For hydrogen ions
at 8 tesla and 25 eV, pi ~ 60 pm, which is larger than the designed slit width.
A large fraction of the ions with large gyroradii (compared to the slit width) can
be scraped off as they pass through the slit, never reaching the RFEA chamber.
To minimize this effect, the slit is designed like a knife-edge. In this way, as
soon as an ion enters the slit the overall aperture for transmission is enlarged.
The electron gyroradius, p,, is smaller than pi by V/m./mi. Thus the electron
transmission characteristics are not strongly affected by the slit geometry.
The transmission properties of various slit geometries are studied using a
3-dimensional, Monte-Carlo, true orbit following code. The code uses the 3-
D velocity launching technique employed by Gierszewski". The true orbit of
each particle is calculated for each time step as the particles travel through a
3-D geometric grid. The grid points simulate the geometry of the slit and any
particle intersecting a solid interface is stopped and recorded. Detailed code
structures and assumptions are presented in Appendix C.
Figures 3.6.1 and 3.6.2 compare the transmission characteristics of the three
velocity components between a straight entrance slit and a 45* knife-edge slit.
For this transmission experiment, we used Ti = 25 eV, T, = 15 eV, and the par-
allel distribution function (v.) is shifted in energy by ~ 2.8 Te, which corresponds
to Emmert's predicted V.,, 1.t value plotted in figure 2.2. The launched velocity
distributions are shown in figure C.1. The transmission characteristics are shown
as the percentage of the particles within a velocity strip that penetrated the slit.
The slit width is aligned with the v, component.
For a straight slit (figure 3.6.1), due to the thick slit design, only a very
small percentage of the particles with very small v. and v. components can enter
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Figure 3.6.1 Velocity transmission characteristic of a straight edge slit.
73
2
6"8
k1
a
0
a
0
0
a
-0 3.0 -1.. - 3 1.0
V4 VTH
0.0 f.0
VY/VTH
2.0 3.0 4.1
a
0
1~c~
0
a
o,
VX TRANSMISS[ON
T-1-
-4.0 -3.0
8
z
'I,
z
I-. a
a
-2.0 1.0 0.0 .0 2.0 3.0 4.0
VX/VTH
VY TRAN5M155[ON
00
-. 0 -3.0 -2.0 -1.0 0.0 1.0 2.0 3.0 4.0
VY/VTH
VZ TRANSMISSION
z
z
.0 1.1 2.0 2.5 3.0 3.5 1.0 1.0
VZ/VTH
Figure 3.6.2 Velocity transmission characteristic of a 45* knife-edge slit.
74
So
0
0
0
a a
0
a
a
S
a.
-a
U,
~
~
a-
a -
C -
-~ I
i
the RFEA chamber. The rest of the particles will intersect the slit wall before
entering the analyzer chamber. A simple approximation shows that for the RFEA
slit design width, only particles with both perpendicular energy components less
than 20% of T can actually penetrate a straight slit. For a knife-edge slit the
perturbations to the transmission characteristics are minimized as the result of
the enlarged slit region. Although the high perpendicular components are still
cut off, as long as the perturbation to the parallel component is small, the slit
design will not jeopardize the the RFEA performance.
3.2.2 The Grids
3.2.2.1 Mesh Spacing and Debye Shielding
All three grids (mesh electrodes) employ the double-sided mesh design2s to
avoid potential shielding by the electrons inside the analyzer and to avoid the
field penetration effect from adjacent electrodes. The mesh spacing is chosen
based on the estimated electron density inside the analyzer chamber. Therefore
the mesh closest to the slit faces the most stringent spacing requirement.
To avoid Debye shielding, the first electrode has a mesh spacing of 250
lines/inch with a line weight of 0.001 inch. For T ~ 15 eV, the maximum
allowable electron density at the first mesh is around 5.6 x 101 cm-3. If there is
a negative sheath potential at the slit surface, a majority of electrons are repelled
away before entering the analyzer chamber. Assuming the sheath potential affects
only the v. component, then the fraction of electrons that the first mesh will
encounter is
75
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where erfc(z) - e- j dy. (3.5)
Vh..ts is the sheath potential; vth, ( is), is the electron thermal velocity;
and erfc(z) is the complementary error function. Taking the classical sheath
potential of 3 T, only 1.44% of the electrons will penetrate through the negative
sheath. Therefore, the first mesh is designed for an incident electron density
up to 4 x 1013 cm- 3 . Since each mesh also physically absorbs a large fraction
of incident electrons, the Debye shielding limitation for the ensuing meshes is
further reduced. The next two electrodes in the RFEA employ 150 lines/inch
meshes with similar line weight.
3.2.2.2 Grid Transmission
The separation between the 2 meshes within the same electrode are chosen
to avoid the existence of Mire fringes20 . Then the transmission characteristics
of each mesh are independent of the characteristics of the other meshes. The
velocity transmission characteristic is in general a function of the component ge-
ometry, the particle energetics, the applied potential, and magnetic field strength
and direction. Once again we can use the 3-D Monte-Carlo code to predict
the transmission characteristics of particles through the meshes. By simulat-
ing the geometry of the meshes and stipulating a potential distribution function
that simulates the analyzer's operation, we can conduct a study of the velocity
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transmission characteristics as a function of applied mesh potential. A sheath
acceleration component is added onto v. (see Appendix C).
The transmission experiment is carried out by simulating a biased double-
sided mesh electrode. The mesh position is determined by choosing a starting
position of the mesh by random numbers generated by the code. Therefore the
two meshes within the same electrode will have different alignment with respect
to the slit position. This should not be an important factor if the meshes are
sufficiently far apart as stipulated by the M6ire fringe test. In other words, the
process of particle transmission through each mesh should be a Markoff process,
i.e. each process is independent of the next and the particles forget all previous
encounters.
Figure 3.7 shows the transmission characteristics for all three velocity com-
ponents while the electrode is biased at +10 volts. The launched distribution
functions were described in the previous section. The fraction of particles re-
flected by the mesh potential is monitored and found to be in excellent agreement
with equation (3.5) if V,.t is replaced by the mesh potential.
No apparrent preferential cut-off for any region of the perpendicular veloc-
ity components is noticeable. The parallel transmission characteristic remains
constant throughout most parts of the distribution. At large v,, the transmis-
sion coefficient is increased. This is partially due to poor statistics, but the
transmission characteristic may also change as a function of the parallel velocity
and the mesh biased potential. These are important considerations in determin-
ing the viability of the RFEA as an edge plasma diagnostic. Experimentally
the ion parallel energy distribution function is found to be a Maxwellian (see
section 4.1). Therefore if higher v. components possess better transmission, the
measured distribution function does not reflect its importance.
During the process of varying the mesh potential the particles are decel-
erated, and the gyrating particles now require a longer period of time to pass
through a mesh opening. Therefore the probability of particle interaction with
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Figure 3.7 Transmission characteristics for the three velocity components of par-
ticles through a biased double-sided mesh electrode.
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the mesh structure is also increased. If the transmission coefficient is a strong
function of mesh potential, then the collected signal will not reflect the true
distribution of the particles before the entering the analyzer chamber. Then the
RFEA will not be a viable diagnostic in terms of measuring the particles' par-
allel energy distribution functions. Using the Monte-Carlo code, it is found that
both the mesh geometries and biasing schemes used for the Janus RFEA design
produce very weak perturbations in the overall parallel energy distribution func-
tions. Therefore the overall transmission coefficient, TT, is just the multiple of
all the individual component's transmission coefficient, Tj:
TT = 1 T. (3.6)
j=1
Here T,'s designate the contributions of the slit and meshes totalling n compo-
nents.
3.2.2.3 Space Charge Limitation
In the absence of magnetic field, the maximum allowed incoming current
density due to space charge limitation, JS;3 L, is determined by the analyzer's
biasing scheme and the electrode separation distance20 ,31 . This space charge
limitation is often referred to as the Child-Langmuir Law. A simple derivation
of the Child-Langmuir Law is presented in section 2.1. This law can pose a severe
limitation upon the operating limit of the RFEA. For an RFEA setup with a
deuterium Maxwellian, Molvik2" calculated the current density limit, yielding:
J 3.85 x 108 (V + 4)' 1 + 0.0247 (A/cm 2 ), (3.7)
44 3.85 ~ (z - ZV)2
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where V is the potential between grids in eV, I is the averaged particle energy
in eV, and z - z,, is the maximum grid spacing in cm. Therefore JZ.1 is raised
when the grid spacing reduces or the grid potential difference increases, allowing
the particle to have higher parallel energy such that the beam diverges at a
slower pace for the same distance travelled.
In a highly magnetized environment such as that in Alcator C, the charged
particles observe Brillouin flow 21 ,3 2 3 3 . The particles gyrate about the magnetic
field with the gyrofrequency, w,, defined in equation (2.70). In this rotating
system a particle is moving along a field line with a centripetal force, Fc.,,t,.ta,
where
Fet,.ripeta = mpw,. (3.8)
p is the Larmor radius of the charged particle (equation 3.3).
Brillouin flow occurs when the outward electrostatic force due to the space
charge effect is balanced by the centripetal force imposed by the magnetic field.
By equating Fe.tr.pe.a to the space charge force, one obtains the maximum
current density that can be confined to a beam without divergence:
a,.1ui" = 5.86 x 10-4 p- 1.5 B 2 60.5 (A/cm 2 ), (3.9)
where B is in tesla. Assuming B ~ 8 tesla, I - 30 eV, and a deuterium plasma,
Ji$lot&** 0.073 A/cm2 . This is about a factor of 600 greater than Jg-1 C at a
comparable condition. However, J **G, is also about 2 orders of magnitude
smaller than the expected plasma current density for a 1 x 1013 cm-3 deuterium
plasma.
Several factors need to be keep in mind in determining the proper current
density limit. Since the particles are gyrating, the area occupied by the charged
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particles after entering the narrow slit region are enlarged, effectively reducing
the actual current density within the analyzer chamber. In addition, before
encountering the first mesh, there are both ions and electrons present in the
charged particle beam, adding a neutralizing effect in reducing the diverging
action of a single species beam. However, this is also a complicated phenomenon
to analyze since ions and electrons have very different Larmor radii and the
electrons reside near the central portions of the beam. After the first electrode,
a large fraction of the particles are absorbed on the meshes, once again reducing
the actual current density in the succeeding stages of the analyzer.
These analytic current density limits can only provide rough estimates of
the limitations. The only thorough solution would be provided by solving the
problem with a 3-D numerical solution of Poisson's equation combined with par-
ticle tracing capability in a complicated magnetized environment. However, we
can experimentally investigate the space charge problem by studying the pat-
tern of the collected current as a function of the biased voltage. By sweeping
the mesh voltage up and down, for example by using a triangular sweep, if the
space charge limit is violated, the collected current will exhibit a hysteresis pat-
tern instead of retracing the same pattern during ramp-up and ramp-down".
This biasing technique is also the standard operating mode of the Janus RFEA.
Successive traces can be overlapped to examine the space charge effects. Thus far
there is no apparent violation of the space charge limitation within the operating
regime of Janus.
3.2.2.4 Perturbation to the Parallel Energy Distribution Function
For accurate parallel distribution measurements it is important to study
any possible mechanism that might shift parallel energy into the perpendicular
components, and vice versa. This type of defocusing action can occur if there
are nonuniform potential surfaces and/or lens effects.
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A likely cause of nonuniformities at the potential surfaces inside the an-
-alyzer is the shape of the meshes. Etched meshes are used instead of woven
meshes in order to minimize local potential perturbations. When welding the
meshes onto electrodes, the meshes must be stretched uniformly in order to en-
sure a flat mesh surface.
Lens effect produced by the mesh opening can be characterized by the
Davisson-Calbrick formulas",
4$
Ifi = - Ell (3.10)
where f is the focal length, and E 2 and E1 are the electric field intensities on
the two sides of the opening. For RFEA parameters, Ifl is on the order of
meters, much larger than the mesh opening which has dimension of order 10-4
m. Another way of examining the lens effect is to calculate the energy resolution
of the particle as it passes through the mesh opening. The energy resolution can
be characterized as
A,,,A (E2 - Ea)2 .. a (3.11)
+ 16 V2,,h 16 d2egrid
where am,,a and V.a are the effective mesh radius and mesh potential respec-
tively, and dgrid is the separation distance between two adjacent meshes. The
energy resolution for the Janus RFEA is on the order of 10-.
3.2.2.5 Other Considerations
- The meshes are subjected to large heat flux and may be damaged by melt-
ing. This is especially crucial for the first mesh after the slit. The electron
microscopic photograph (figure 3.8) shows a damaged stainless steel electrode
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that was used in the proof-of-principle experiment. The area that was melted
was positioned directly behind the slit. Only the first mesh was partially melted;
the second mesh was undamaged. For the Janus design, etched tungsten meshes
replaced the stainless steel meshes.
3.2.3 Electronics
Two different types of electronics are required to operate the RFEA: those
that supply the biased potentials and those that link the analyzer output to
the CAMAC data acquisition system. One of the main limitations of the proof-
of-principle experiment lies in the available programmable power supplies. To
study high temperature plasmas the mesh must be biased at really high voltages.
KEPCO BOP-72M was used in the first experiment which can only be biased
up to ±72 volts.
For the Janus operation, we employed the KEPCO BOP-500 operational
amplifiers which can go up to ±500 volts. The waveforms input to the ampli-
fiers are generated by using a programmable LeCroy 8601/8201 complex function
generator. Before every shot the computer searches for a special input file that
contains the bit-by-bit information of the desired waveforms. A total of 4 inde-
pendent complex waveforms can be contained in the input file, generated by the
function generator, and fed into the programmable amplifiers. Thus we have the
freedom to control the RFEA operation by manipulating the input file.
Figure 3.9 illustrates the electrical network that runs the RFEA. For typical
operations only two of the electrodes are needed. Furthermore, due to the limi-
tation of available power amplifiers and for simplicity of operation and analysis,
the electrodes on both sides of Janus that perform the same function share the
same amplifier. This poses a problem on the total allowable operating current
of the BOP-500. At extremely high plasma densities the impinging ion current
on the meshes could saturate the amplifiers
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Figure 3.8 Photomicrograph showing partial melting of the first mesh that was
place immediately behind the slit. The second mesh was undamaged.
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Figure 3.9 RFEA electrical network.
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The electronics linking the electrodes and collectors to the CAMAC modules
must be designed such that the output of the electronics must be less than ±5
volts. Each electrode potential must be monitored for analysis purposes. Since
the electrodes can be biased to really high voltages, the associated electronics
are just carefully calibrated voltage dividers. Figure 3.10 shows a divided by 60
circuit.
The collector electronics must monitor the collected current. Two circuits
are used for this purpose and work equally well. They are illustrated in fig-
ures 3.11.1 and 3.11.2. The load resistances (both circuits) and the circuit gains
(circuit B only) must be constantly adjusted to maximize the output voltage
without going over the ±5 volt limit. Circuit A uses an isolated instrumentation
amplifier set up in differential mode. Circuit B is more flexible, but also more
complicated. The first stage of the circuit has two carefully balanced voltage
dividers to reduce the input voltage down to the operating limit of the opera-
tional amplifier. The second stage differentiates the reference leg and the signal
leg before the final stage amplifying the output back up to ~ ±5 volts.
3.3 Langmuir Probe
Due to its simplicity and versatility, the Langmuir probe is probably the
most frequently used edge plasma diagnostic35'3 . Depending on the variety of
Langmuir probe used and the operational and analysis techniques, the Langmuir
probe offers a wealth of valuable plasma information. Thus the Langmuir probe
is an excellent complementary diagnostic to the RFEA. Besides providing an
independent check on the measured T, the Langmuir probe also measures the
plasma density, the ion saturation current, the floating potential, and edge fluc-
tuations. Section 4.2 will go into detail on the probe theory used for the Janus
Langmuir probe analysis.
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Figure 3.10 Circuit diagram of a divided by 60 circuit used for monitoring the bias
voltage of the RFEA electrodes.
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Figure 3.11.1 Circuit A used for monitoring the collected current.
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The Janus Langmuir probe is a simple, single conductor probe that pro-
trudes from the Janus housing. The center of the probe is aligned with the
RFEA slit position. The Langmuir probe consists of a cylindrical tip supported
on a smaller-diameter ceramic-insulated wire which makes the electrical connec-
tion back through the housing. The tip is also larger in diameter (along a field
line) than the ceramic insulator covering the support wire in order to avoid
metallic deposition onto the insulator which might cause an electrical connection
of the probe to the Janus housing. The entire Langmuir probe is made of molyb-
denum and no melting or arcing was evident during the entire operation of the
Janus. Figure 3.12 shows the cross-sectional view of the Janus Langmuir probe
assembly. As figure 3.4 illustrates, the Langmuir probe actually nests within the
RFEA insulators.
The Langmuir probe electronics used are similar to the RFEA electronics
and are described in more detail elsewheres. The power supply used is a high
power audio amplifier made by TECRON. The input waveforms are generated
by a Tektronix function generator.
3.4 Calorimeter (Heat Flux Probe)
The calorimeter is designed to infer the real time parallel plasma heat flux,
qg (t), incident onto an electrically floating plate. The calorimeter must be de-
signed to handle high heat flux and to have a fast thermal response time for
real time measurements.
Figure 3.13 shows a cross-sectional view of the Janus calorimeter. The
design is basically divided into two separate sections: the thermocouple and
the calorimeter plate. The plate is pinned to the calorimeter holder by two
ceramic pin-and-washer assemblies which isolate the plate electrically (see figure
3.4). The thermocouple is spot-welded onto the plate. Each thermocouple wire
passes through the detachable probe head region previously described, before
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Figure 3.12 Cross-sectional view of the Janus Langmuir probe assembly.
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reconnecting onto a connecting thermocouple wire. As long as there is no large
'temperature gradient in the detachable region, no significant error should occur
as the result of the addition of two more thermocouple junctions. At the other
end of the vacuum feedthrough, ice-point references are used before the wires
change into standard shielded twisted pairs.
The calorimeter electronics are quite simple. The operational amplifiers
must be isolated while providing excellent common-mode rejection and gain func-
tions. A Burr-Brown 3456 isolation instrumentation amplifier with variable gain
settings serves these needs well. In the meantime the potential of one of the
thermocouple legs is monitored to determine the floating potential.
3.4.1 The Calorimeter Thermocouple
There are several criteria to use in choosing a proper thermocouple. For
operation at high temperatures, three types of thermocouples were considered:
chromel-alumel (type K), tungsten-rhenium, and platinum-rhodium. In addition,
in a noisy environment such as the tokamak edge it is desirable to have a large
change in the induced emf, i.e., Aemf, for a small change in the plate tempera-
ture.
Platinum-rhodium thermocouples are easily reduced and can only operate
in a vacuum for a very short period of time unless they are properly coated.
Tungsten-rhenium thermocouples are easily oxidized and are extremely brittle.
In addition, both of these thermocouples have smaller change of induced emf
per degree temperature rise as compared with the chromel-alumel thermocou-
ples. Chromel and alumel are very easy to machine and the thermocouple can
come in various shapes and sizes. The Janus design utilizes this machineabil-
ity property and uses the NANMAC flat ribbon thermocouple to minimize the
thermal response time. Therefore, despite a lower operating temperature limit
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Figure 3.13 Cross-sectional view of the Janus calorimeter.
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(~ 1300 0C), a chromel-alumel thermocouple was chosen over the other candi-
dates.
3.4.2 The Calorimeter Plate
The calorimeter plate must have fast thermal response while still being
able to withstand high heat fluxes. Table 3.1 lists the thermal properties of the
materials under consideration, including tungsten, molybdenum, and tantalum.
Properties been compared include the melting point (Tmu), and room temper-
ature values of thermal conductivity (k,), specific heat (C,), and density (PD).
All thermal properties, however, vary with respect to the material temperature.
These temperature dependences are tabulated in reference 37.
A simple comparison between the materials on their ability to withstand
high heat fluxes can be achieved by performing a simple energy balance while
neglecting the temperature dependence of the thermal properties:
AT pD C, V, (3.12)
= At A., .
Here qm.: is the maximum permissible heat flux that would cause a temperature
rise AT during a period of time At. AT is set equal to the difference between
the melting point and the initial temperature. V equals the total calorimeter
volume and A.., is the plate area exposed to the incident heat flux.
Figure 3.14 shows the plot of q... versus At for the materials under con-
sideration. qn.. is set to the maximum operating limit of a chromel-alumel
thermocouple. Initial plate temperature is set at 300 K and the plate thickness
is 0.635 mm. For a typical Alcator C discharge lasting ~ 500 ms, both tung-
sten and molybdenum can withstand constant heat fluxes exceeding 1 kW/cm 2 .
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Table 3.1 Room temperature thermal properties of the calorimeter plate materi-
als under consideration.
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material Tm.It K k, W/(m-K) C, J/(kg-K) PD kg-m-3
Tungsten 3683 163.0 134.7 1.93 x 104
Molybdenum 2890 135.0 249.8 1.02 x 10
Tantalum 3269 57.7 139.7 1.67 x 104
Molybdenum is slightly better due to its higher C, value. The temperature de-
pendence of the thermal properties would produce a variation by approximately
10%.
In the Janus design tungsten was chosen over molybdenum due to its supe-
rior thermal response time, yielding a better measurement of the real time heat
flux. Ideally the calorimeter should be able to record instantaneous temperature
changes while having sufficiently long cool-down time such that the cool down
would not affect the real time heat flux measurement. The calorimeter, however,
must be cooled back down to the ambient temperature before the next plasma
discharge.
By using an infinite thin plate approximation, we can reduce the problem
down to a 1-D (z), time (t) dependent problem:
82 T(z, t) 1 OT(z, t)
8z2 a &t (3.13)
where a = k . (3.14)
PD CP'
T(x, t) is defined as the plate temperature, and a is the thermal diffusivity.
Initially the plate is at a uniform temperature To. Then a constant heat flux qo
is imposed on the z = 6L surface starting at t = 0. 6b equals the thickness of
the thin plate. At z = 0 we assume a perfectly insulated surface. The boundary
conditions can be mathmatically described as:
49T@z=0, - = 0, (3.15)
8T qo(00 = T = . (3.16)
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Figure 3.14 q,. versus At for various calorimeter plate materials under consider-
ation.
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This problem can be solved analytically to obtain the time and spatial
dependences of the plate temperature evolution. The solution includes a transient
contribution (Tt,.(z, t)) due to the onset of the heat flux, and a steady state
component (T.,(z, t)) from the ensuing constant heat flux. Solving for equations
3.13-3.16, we obtain:
T,,(Z, t) = 4 + 0a , and (3.17)
PDCbL 2kcs
T,.(Z, t) =To - qObL6ke
______ 
nirz n I 2 V 2 at/ir 3.8
-=1 n27r2 k (cos n7r) (cos ) e~"(3.18)
In the actual Janus calorimeter design only about 40% of the total plate
area is exposed to the incident plasma. The rest of the area is hidden behind
the aperture to protect the A12 03 insulators and the pin-washer combination
previously described. To analyze this 3-D effect properly we would need a 3-
D thermal transport code to examine the time dependence of the temperature
spreading. As a refinement of the infinite plate approximation we can define
6L to be the ratio of the plate volume over the exposed area. In addition, the
additional thermal mass of the thermocouple welded at the rear of the plate
must also be considered in estimating the final response time Trepone. The
exact determination of r,,,.,, is not critical in that its value does not affect
the accuracy of the data analyzed.
Using equations 3.17 and 3.18, figure 3.15 shows of time histories of the
temperature evolutions at several locations of the calorimeter plate, at z = 0,
X = bL, and at the mid-plane. For this calculation we chose a 0.635 mm thick
tungsten plate with a chromel-alumel thermocouple. The plate is initially at a
uniform temperature of 300 K and is subjected to an incident heat flux of 1
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kW/cm 2 . The transient contribution dies down within the first 10 ms following
the onset of the heat pulse. We also see that the temperature differential between
the front and rear surfaces is about 40K and the time required (- r,..pon.e)
for the rear surface (temperature) to reach that of front surface (temperature)
is about 20 ms.
From equations 3.17 and 3.18 we can once again derive a method to judge
the merits of the materials under consideration. By adding the two equations
together and setting
T(6,tl) = T(0,t 2 ), (3.19)
we can the determine the thermal response time:
r~e.POse = t 2  l,
PD b2 C, (3.20)2 ke
From table 3.1, we determine that tungsten has the best overall thermal
properties handling high heat fluxes while maintaining a fast thermal response
time. Unfortunately the energy and particle backscattering coefficients of plasma
incident upon a certain material are ignored in the design process. Tungsten
has one of the highest predicted reflection coefficients which yields a smaller
temperature increase per incident heat load. The uncertainty of the values of
the actual reflection coefficients also brings a high degree of uncertainty into the
analysis process. This problem will be discussed in more detail in section 4.3
and in chapter 8.
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3.5 Data Acquisition
The data acquisition setup utilizes the MDS system2 4 which controls all
the CAMAC modules including the LeCroy 8212/32 Channel Digitizer and the
LeCroy 8601/8201 Complex Function Generator previously mentioned (in section
3.2.5). The 8212 is an analog-to-digital convertor that links between the output
electronics of each diagnostic and the VAX 11/780 computer (TOKVAX).
Typically the 8212 digitizes at 10 kHz. Therefore, by monitoring only 16
of the 32 channels, the memory space allows us to sample 6144 data points.
The digitizer is typically triggered at 30 ms before the initiation of the discharge
breakdown. Aside from recording the output channels of the Janus diagnostics,
it is necessary to record the input bias voltage readings for analysis purposes.
In addition, a separate header file is recorded for every shot to keep track of the
operating settings for all the electronics.
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CHAPTER 4
Operational and Data Reduction Techniques
The ability to measure the proper edge parameters relies on the ways to
obtain and manipulate the raw data. Sections 4.1-4.3 of this chapter will discuss
in detail the operational and reductional techniques of the retarding-field energy
analyzers (RFEA), the Langmuir probes, and the calorimeters respectively.
4.1 Retarding-Field Energy Analyzer
4.1.1 Operation
Provided that the RFEA components introduce negligible perturbations to
both the electron and ion parallel energy distributions, the grid electrodes be-
tween the collector and the slit can be biased to collect the integrated parallel
energy distribution functions of the ions and electrons. In Janus, the first 2
grids are sufficient for RFEA operation. The third grid is used as an emergency
backup in case the first grid is damaged. It is usually electrically tied to the col-
lector. The probe casing is grounded to the vacuum vessel at the access flange.
All electronics are referenced with respect to this ground.
Using a LeCroy 8601/8201 Complex Function Generator we can produce
the complex waveforms shown in figure 4.1. The first grid (closest to the slit)
always serves as the ion repeller. The second grid serves as the primary electron
repeller as well as the secondary electron suppressor. The secondary electron
suppression function is achieved when the collector is biased more positively than
the grid adjacent to it. Then any secondary electron emitted from the collector
region will turn back to the collector as the result of the favorable electric field
configuration.
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During the first part of the voltage sweep shown in figure 4.1, the analyzer
is operating in ion mode. The first electrode is swept with a triangular waveform
from a large positive potential to probe ground. The action of this grid is
to repel away all ions with energies less than the applied electrode potential.
Simultaneously the second electrode is held at a large negative potential to repel
away all primary electrons. The collector is typically at ground potential for
suppressing secondary electrons.
Measurement of the electron distribution function (electron mode) starts af-
ter the first grid completes its triangular sweep in voltage. This part is labeled as
(b) of figure 4.1. Now the first electrode is held at a very high positive potential
to repel away all the primary ions. At the point where the first electrode po-
tential levels off, the second electrode now starts to sweep from a large negative
potential to probe ground and back. Thus all electrons with energies less than
the second grid potential are repelled. Secondary electrons are still suppressed
since during this sweep the collector is still at a more positive potential than
the second grid.
The collected current is shown as solid circles in figure 4.1. It follows the
behavior predicted by
I(Vi,,) = qA,1t TT fq g u f(Ell) dE 1 , (4.1)
where A.1i is the total slit area and Vi., is the biasing potential of the pri-
mary retarding electrode. vl and Ell are defined as the particle parallel ve-
locity and parallel energy respectively. TT is the total transmission coefficient
calculated by equation 3.6. q is the charge of the incoming particle. Keep
in mind that q. = ion charge = Ze, where Z is the ion charge state, and
q, = electron charge = -e. All particles possessing parallel energy, Ell, larger
than the biased potential, V6 .. , will be collected provided they are transmitted
through all analyzer components.
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Typically the RFEA bias is sweeping at 50 Hz, or at 20 ms interval the
grid bias will repeat the pattern shown in figure 4.1, which contains 2 full sweeps
through both the ion mode and electron mode. This sweep rate is limited by
the digitizing frequency of the CAMAC module (10 kHz). Even at 50 Hz, each
ion (or electron) sweep contains only 100 data points. For typical ion mode op-
eration, the difference of the bias voltage between successive data points exceeds
1 volt, which may ultimately affect the accuracy of the RFEA measurements.
Since an ion (or electron) requires a finite time of flight (tfught) to reach
the collector from the time it passes through the slit, we can define a parallel
energy resolution, AE 1, which corresponds to the voltage sweep-rate limit':
AEll = qifight di, (4.2)
where tfuight = 6 RF5 E (4.3)
6 RF.A is defined as the distance from the slit to the collector in the RFEA.
EFor typical Janus operation, * is less than 0.05%. Therefore, if we have a
faster digitizer with the necessary supporting memory modules, we can operate
the RFEA at a much higher sweep frequency.
f(E1 ) is the parallel energy distribution function of the charged particle of
interest. In the edge plasma, however, it is possible that the measured f(Ell)
will not reflect the actual distribution due to potential variation along the field
line'. According to the Bohm Sheath Criterion' (chapter 2), a presheath poten-
tial drop on the order of T,/2 is needed to accelerate the ions to sound speed
before a stable sheath can form. Therefore, if Ti ; T,, it is possible that the
energy spread measured by f,(E 1 ) is really a reflection of ions drifting into the
flux tube at different points. Thus the ions will possess energy spread due to var-
ious potentials they will encounter as they accelerate toward the probe surface.
Typically T > T, so this effect should be minimal in our operating regime.
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If it is necessary to monitor only the ions or the electrons, the RFEA can
also employ a sweep function that strictly follows either the ion mode or the elec-
tron mode of figure 4.1. Another possible use of the RFEA is to investigate the
existence of high energy tails on the distribution functions. In the bulk plasma,
it is common that high energy tails exist during neutral beam injection4 '5 , lower-
hybrid current drive and heating6 '7 , and ion-cyclotron resonance heating8'9 . Run
away electrons 0 '1 1 are another source of a high energy tail in the electron distri-
bution that will reach the edge plasma before they can equilibrate collisionally.
The DIVA group1 2 had employed a simple RFEA and found two temper-
ature electron distribution functions in the scrape-off region. The source of the
high energy tails on DIVA is attributed to the misalignment of the TF coil
which produces nonaxisymmetric perturbations that caused the destruction of
magnetic surfaces near the separatrix. The Janus RFEA can also be biased at
high voltages such that only high energy tails can reach the collector. However,
the scrape-off length of the runaway electrons is extremely short1 0 , preventing
us from directly measuring the confinement time of the high energy component
of the distribution which may have different confinement characteristics as com-
pared with the bulk distribution1 3 . An attempt to find the presence of any high
energy tail during ICRF was also unsuccessful.
A very important issue that was discussed in section 3.2 is the continuity
of the slit potential across the slit gap. Since the Janus RFEA is designed with
a biasable slit, we can test the effectiveness of the slit in holding its potential
against incoming charged particles. Figure 4.2.1 and 4.2.2 show a series of curves
plotting the collected current against the bias voltage of the ion repeller grid.
Each curve represents a different slit bias potential. For all positively biased
slit potentials (figure 4.2.1), the collected ion currents also exhibit energy shifts
corresponding to the value of the bias potentials. This kind of response reflects
the continuity of the slit potential across the gap. Since the slit now acts as
an ion repeller, if the potential surface is continuous across the gap, then all
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ions with incoming energy less than the slit potential will be reflected before
entering the RFEA chamber. Therefore, when the ion repeller grid starts to
ramp positively up from ground potential, the collected current should remain
constant until the grid bias voltage exceeds the slit bias voltage.
On the other hand the no bias and negatively biased slit potentials (figure
4.2.2) show no associated energy shifts. This is also expected. Although ions
are accelerated by a negative potential, as soon as they cross the slit gap, the
negative slit bias starts to work against the accelerated ions to decelerate them
to their original energies. Therefore, the negatively biased cases behave similarly
the no-bias reference case.
4.1.2 Analysis Techniques
To unfold the ion or electron parallel energy distribution function we can,
in principle, take the numerical derivative of equation 4.1 and solve for f(Ell)
such that
f (El Vi,,) = -m dI(Vi.,)
q2 AIi TT dV(i.,
However I(Vbi.,) is typically noisy due to large edge density fluctuations and is
therefore difficult to differentiate. A much more practical technique is to assume
a form for f(E 1) and compare I(Vj.,) obtained from equation 4.1 with the
experimental data.
Kinetic theory14 (Emmert) predicts that the ion distribution at the ma-
terial surface appraximates that of a Maxwellian with a positive energy shift
corresponding to the sheath potential IV,,thl. This potential shift Vihft is
equal to the difference between the plasma potential, Vp.,,,., and the probe
ground. In reality, the tokamak's magnetic geometry is very complicated, and
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the measured V.h. would probably not be equal to the theoretical prediction.
For example, Emmert assumes a 1-D geometry parallel to the magnetic field.
Along the magnetic field lines electrons are much more mobile than ions and a
negative V ,eath is necessary to force equal fluxes of ions and electrons. However,
cross-field diffusion is dominated by ions due to their large Larmor radii. Then
surfaces parallel to the field would charge positively.
From equation 4.1, the ion current as a function of the retarding potential
Vbi.. is
Vbi., Vhift, I(V,) = I;, and
V > V~agsi, I, (Vb.) = I, e~qs("w..,t)/hT' (4.5)
I., is the ion current collected when none of the ions is repelled by the retarding
potential. Its value depends on the edge model we employ. Assuming that both
the ions and electrons exhibit sonic flows to the probe surface (see section 2.1),
we can approximate I.i as
I, = q, f(r) ni C, TT Aut, (4.6)
where C. = sound speed,
); and (4.7)
mj
FT-
r Ti .(4.8)
T,
ni is defined as the ion density. f(r) equals an ion density reduction factor
described in section 2.2. Simple probe theory typically uses an equivalent f(r)
value of 0.5.
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If TT can be estimated accurately, and given the value of T., we can obtain
in appraximate ion density using equation 4.6. Experimentally TilT, > 1 (see
Chapters 5 and 6). Since the value of TT is highly uncertain, and for simplic-
ity of calculation, the T, dependence in equation 4.6 is typically ignored. The
determination of T T is achieved by using the 3-D Monte-Carlo code outlined in
Appendix C. In studying the transmission characteristic of each of the RFEA
components, we arrived at an averaged "magnetic" effect of the ion transmission
characteristic in addition to the reduced transmission caused by the presence of
the mesh (see Appendix C). Operating with the first two grids as the ion and
electron repeller electrodes, the total transmission coefficient is about 5%.
Typical fits to the ion part of the previously shown raw data (figure 4.1)
are shown in figure 4.3. These data were taken with a 2 kHz 6-pole active
Butterworth filter to reduce the fluctuation level. Residual oscillations under 2
kHz are still evident in this data.
The only tricky aspect of fitting the ion characteristic is the determination
of Vhift. Once this potential is found, Ti is calculated by least square fitting
the Vi,. > Vhify portion of the voltage-current characteristic with a function of
the form:
I(Vbi., - V.hft) = de + Ij e~ bi,^' )/A''. (4.9)
I, is just equal to a shift in current of the entire curve, which can occur from
electronic offset or insufficient biasing of the electrons.
V,h 1y is determined by using an iterative scheme of fitting. For the first
time through, the voltage corresponding to a certain percentage of the peak
current (typically 70%) is chosen as the initial guess of Vhpt. Then we fit the
portion above the initial guess using equation 4.9. The new Vhift is determined
by
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where I.., = I 1, for all V;., < Voidt. (4.11)
Ip..a is defined as the peak current at Vi., = 0, if we project the fitted cur-
rent trace back as demonstrated in figure 4.4. This iteration will continue, with
the new Vfipt replacing the old V.Iip as the next guess, until the difference
in the Vift between two successive iterations falls below a specified error mar-
gin. Figure 4.4 illustrates the technique and terminologies used in the iterative
scheme.
Due to the formation of the negative sheath potential between the slit sur-
face and the unperturbed plasma, the bulk of the electron distribution is repelled.
Only the high energy portion of the electron distribution is collected. Again as-
suming a Maxwellian for the electron distribution function, we can obtain a
version of equation 4.5 for electrons:
I,(Vbi;.) = I. e*ICVbikT, (4.12)
where I.. is the electron current at Vbi.. = 0 volts. Measurement of electron
density is more uncertain than the ion density measurement since accurate knowl-
edge of V&..t,1 is necessary in order to determine the fraction of electrons re-
pelled by the negative slit potential. As discussed earlier, Vhift may not be
an accurate reflection of the local sheath potential. The electron transmission
coefficient, however, should be much simpler to estimate when compared with
the ion transmission coefficient. Due to its small Larmor radius, electron trans-
mission can be treated approximately as photon transmission, equaling the total
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geometric transmission coefficient of the meshes. Figure 4.5 shows typical fits of
the electron portions of the raw data in figure 4.1.
Another important issue here is the effect of a perturbing probe (Janus)
on the measured plasma parameters. This effect has previously been addressed
by Stangeby 1 '1 . The insertion of a large, perturbing probe in the scrape-off
layer creates new scrape-off lengths on both sides of Janus. Therefore the mea-
sured parameters are different from the natural, unperturbed plasma parameters.
The relation of the perturbed parameters and the unperturbed parameters are
dependent on the tokamak's limiter (or divertor) configuration and the probe ge-
ometry. Technique of analyzing "large" probe data was presented in Chapter 2.
Unfortunately the necessary conditions for using Stangeby's "large" probe theory
are not met in the Alcator C edge region. More theoretical work is necessary
before we can accurately account for the effect of large edge probe housing.
4.2 Langmuir Probe
The Langmuir probe analysis technique used for this high magnetic field
application is well documented1 7' 1 5 ". The Janus Langmuir probe surface is
aligned perpendicular to magnetic field lines and the surface is large compared to
ion gyroradii. Therefore the collection area is assumed to be planer. The analysis
used in this thesis utilizes the algorithms and methodology of LaBombard17 .
Since the RFEA can provide an independent check of the electron temperature,
Janus provides an excellent opportunity to cross-check the different Langmuir
probe theories.
For our analysis we principally employ a simple probe theory and obtain
T. by fitting only the exponential portion of the probe characteristic 17,2O. How-
ever, an important question here is the validity of the simple probe theory in
a magnetized environment. A magnetized probe theory by Stangeby2 1 was also
used for electron temperature analysis.
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4.2.1 Simple Probe Theory
Figure 4.6 shows a schematic of a typical, collisionless, nonmagnetized Lang-
muir probe current-voltage characteristic. The characteristic can be divided into
3 regions separated by the voltage references V.P and V1.t. These points are
referenced with respect to the probe ground potential, which is the potential of
the entry flange of Janus.
When the probe is biased very negatively with respect to the probe ground
and Vp1 ., all but a very small number of high energy electrons are repelled
before reaching the probe. Therefore the collected current is dominated by pos-
itive ions, which are attracted by the negative bias potential. Once the bias
reaches the point where all the ions are collected and electrons repelled, any
further increase the negative bias would only accelerate the ions but would not
affect the current drawn. This region is termed the "ion saturation region." The
saturation current is defined as the ion saturation current, Po,.
As the probe bias is increased, more and more electrons are capable of
overcoming the repelling potential and contribute a negative current on top of
Rlt. Vpf. is defined as the point at which the probe potential is negative
enough to repel all the electrons except a flux equal to the incoming ion flux.
This is an especially easy reference point in the Langmuir probe analysis since
all we need to do is to locate the potential corresponding to the zero current
position of the probe characteristic.
Continual increase of the probe potential would further increase the collec-
tion of electron flux, and eventual decrease of the ion flux as the probe starts
to repel the ions. This region is characterized by the rapid change of the col-
lected current from a positive P., to a region dominated by the electrons, and it
is typically referred to as the "transition region." Due to their small mass, the
electrons are travelling at a much faster speed than the ions. Therefore this tran-
sition region is dominated by the electron response and reflects a measurement
of T,.
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V,.. is defined as the plasma space potential. There should be no elec-
tric fields at this point and the charged particles migrate to the probe because
of their thermal velocities, l. ot oc .1 Therefore, what is collected by the
probe at V,.c. is dominantly electron current. Further increase of the probe po-
tential above V.,.e, allows the electron current to completely dominate the total
collected current. This region is typically labelled as the "electron saturation
region."
In practice, the sharp "knee" at V.,.c. in figure 4.6 is not observed. The
electron saturation region is also not seen despite very positive bias potentials.
These observations will be discussed further in the next section.
As a first-cut approximation, we can describe the three regions of the simple
probe theory by
for V, < V,,, C, -C, ee(V-V,,.()/;k4 (4.13)
eAnp 2 4
I(V,) 1-for V, > V.,..,, eAn - C.. (4.14)
V, is the probe bias potential; n, is the plasma density far away from the probe
(i.e. unperturbed); and A, is the effective probe area which is just equal to
the probe surface area normal to the magnetic field. If the ion charge state, Z,
exceeds 1, then n, should be replaced by the electron density n. (=Zni). C, is
defined in equation 4.7. C. is the averaged electron velocity defined by equation
2.2.
The fitting of equations 4.13 and 4.14 is achieved by an iterative scheme
written by LaBombard". First I,, is estimated by utilizing the knowledge that
it equals the total current at large negative values of V,. Then straight lines
are fitted to the function ln(I(V,) - I.) on either side of an estimated knee
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potential V.,.. The intersection of the two fitted lines provides the next Vkn,..
The iteration is continued until convergence is achieved.
Approximating V.., a V.,..,, we can choose the data points satisfying the
condition of equation 4.13, i.e. V < V,..,, and least-square fit them to the
equation
1(V,) = I 0 + Io e-ll/kT, (4.15)
where Io is a constant. Equation 4.15 is a linear function in I,, and 10, but
nonlinear in T.. By defining a function equal to exp (s"), then I., and
10 can be solved for in terms of T, through the usual linear least-square fit.
Therefore, by iterating T., we can nonlinearly least-square fit all three unknown
parameters.
By knowing P..,, we can obtain an approximate plasma density by using
the first part of equation 4.13, which describes the ion saturation region with
the assumption of a sonic flow to the probe edge:
1
Io.t - n, C, e A,. (4.16)
The factor of 1 is an approximation of the density reduction factor f (r). Al-
though within the Janus package the RFEA measures T, we typically assume
T/T ~ 2 in calculating C, for simplicity.
4.2.2 Magnetized Langmuir Probe Theory
In the presence of collisions or magnetic field, the probe current depends
also on the transport coefficients of the plasma. Collisional mean free path
in the Alcator C scrape-off region is much longer than the probe dimension,
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so this effect can typically be ignored in the analysis. However, the addition
-of magnetic field really complicates the probe theory. Since charged particle
motion parallel and perpendicular to B are governed by different mechanisms,
the effective collection area, i.e. the surface area across which all particles will
be collected, is strongly perturbed by both the magnetic field and probe bias.
For example, the effective length of the flux tube into which electrons can diffuse
to reach the probe increases continuously with voltage. And due to their small
Larmor radii, the motion of the electrons is always much more affected by the
magnetic field than the motion of the ions.
Stangeby'l provides an analysis that models the particle and energy flow
to an electrically biasable probe immersed in the magnetic field. Figure 4.7 plots
a series of potential variations along the field line as a function of probe bias
potential. Profile A of figure 4.7 corresponds to collecting ion saturation current;
C corresponds to electron saturation current collection, and B is biased at an
intermediate potential. Looking at profile B, we see that for a negatively biased
probe, a positive hill potential, %, is present before the drop off due to sheath
potential.
Aside from incorporating potential variation along magnetic field lines into
his model, Stangeby also considered the restrictions on the flow to the probe
imposed by the continuity of parallel and cross-field transport. The effect of the
perpendicular and parallel diffusions are incorporated in a reduction factor r,
which is defined as
16 A, V/D/- (1+rID (4.17)
ir d
where A, is defined as the electron mean free path, d is the probe dimension, and
D_ and DII are the perpendicular and parallel diffusion coefficients respectively.
Defining a dimensionless parameter 7 where
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we can summarize Stangeby's magnetized probe theory by separating the probe
characteristic into two zones. For b, < r in
I() f(r) C, e-"C/, - ], (4.20)
e Apn, 4 1 + relnf-TIP
and for v, > r iIn
= f'r)Ce-qI/ 
- 1  . (4.21)
eAn, 4 1 + r
Equations 4.20 and 4.21 together yield a complete description of the magnetized
Langmuir probe characteristic, with the first part of each equation describing the
ion response and the second part describing the electron response. Actually in
Stangeby's model, the ion response of equation 4.21, C, is replaced by 2kT.
This causes a discontinuity of the probe characteristic at T, = rln [ . Since,
at large positive probe biases, electrons dominate the overall probe characteristic
and ions make little contribution, continuity equation 4.21 is modified accord-
ingly.
The "Stangeby fit" is achieved by first finding the initial conditions using
the simple probe model and then equations 4.20 and 4.21 are fit throughout the
entire probe characteristic. More detailed description of the numerical fitting can
be found in reference 15.
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4.2.3 Validation of the Langmuir Probe Theories
Since two independent measurements of T, are obtained by using the RFEA
and the Langmuir probe, we can cross-check the T, measurements and attempt
to verify the validity of the probe theory. Figure 4.8 shows time histories of
the electron side and ion side T,'s obtained by the RFEA, and by Langmuir
probe using both the simple and magnetized (Stangeby) probe models. For this
discharge, the RFEA measurements agree much better with the T, obtained
by using the simple probe theory, or simple fits to the exponential portion of
the probe trace. The averaged T. values at the flattop, or stable portion of
the discharge, show that T(RFEA) agrees to within 15% of the simple probe
theory average. However, the same agreement was not found with the use of
the Stangeby fit, which is lower than the other measurements by appraximately
50%.
Comparisons among the three T measurements have been conducted for
various plasma conditions. The RFEA result typically lies in between the fitted
results of the simple probe model and the Stangeby model. It is expected that
T(RFEA) should be slightly lower than the Langmuir probe measured T, since
the Langmuir probe tip extends a bit further toward the limiter edge. Since the
temperature gradient in the scrape-off region is typically flat, this effect should
not be significant. Overall we typically found the best agreement between the
RFEA results and the results obtained using the simple probe theory. Therefore
the Langmuir probe results presented in this thesis are obtained strictly by fitting
the data using the simple probe model.
4.2.4 Operation
Routinely the Langmuir probes within Janus are operating in a sweep mode,
ramping with a 100 Hz triangular waveform that sweeps from a negative to a
positive potential. The two potential limits are defined by the potential required
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to bias toward ion or electron saturation. A higher positive voltage is required
to bias toward electron saturation while a high negative voltage will bias toward
ion saturation. Typically the Langmuir probe is biased from -30 to +50 volts.
By biasing the probe at a constant negative voltage that is sufficiently
into the ion saturation region, we can monitor the fluctuation levels of the edge
plasma. Although Ij.t is dependent on both the temperatures and plasma den-
sity, typically the fluctuations are attributed to variation in density.
The edge density fluctuation, fi,, along with possible potential fluctuation,
can be a possible cause of anomalous transport in the edge plasma10 when
both fluctuations are driven in phase with respect to each other. However it is
not possible to measure both fluctuation levels simultaneously using the Janus
Langmuir probe setup. LaBombard17 has used a poloidal array of Langmuir
probes td monitor fi, in an attempt to correlate the fluctuation levels with the
observed poloidal asymmetries on Alcator C. The finding was inconclusive since
4 could not be monitored. A multiple probe has been proposed1 7 to monitor A-,
and 4 simultaneously.
4.3 Calorimeter
The analysis of the calorimeter output follows the treatment of Manos, et
al. 22 Any change in temperature of the calorimeter plate is principally caused
by three processes: the plasma heat flux, radiation loss from the hotter plate
to a cooler vacuum vessel surface, and conduction loss from the hot plate to a
cooler probe box. They can be expressed as
q1 (t) Aep = PDVcCp + etkDA,..d (T(t)4 - 7)
+ PD V Cp (T(t) - T.). (4.22)
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q11 (t) is the incident parallel heat flux; T(t) is the time dependent temperature
measured by the thermocouple at the back of the calorimeter plate; T, is the
surrounding temperature which is measured by registering the plate temperature
before each discharge; C is the total radiative emissivity of the calorimeter plate
material; kE is the Stefan-Boltzmann constant; Aad is the total effective radi-
ating area; and 71 is the decay time constant of the calorimeter plate due to
conduction. The rest of the variables are defined above in section 3.4.
rd can be measured experimentally by applying a short-pulsed heat flux to
the calorimeter and observe the decaying temperature characteristic. We used a
0.5 joule ruby-laser2 3 with a pulse length of ~ 0.5 ms as the heat source. Figure
4.9 plots the time histories of the laser pulse and the temperature evolution.
Unfortunately only about 0.3 second was recorded and it is very difficult to
estimate -d. Roughly rd is estimated to be in the range of 20 seconds, which is
sufficiently long to eliminate the conduction loss as a major source of heat sink
during the discharge. It is also short enough such that the calorimeter plate is
cooled back down to T. before the next discharge.
A more interesting measurement using this simple experiment is the deter-
mination of the time response of temperature rise as the result of this short heat
flux. Exponentially fitting the temperature characteristic we found a rise time
of appraximately 8.2 ms, which is lower than our analytically predicted value by
a factor of 2.
Previous experiments using calorimeters24' 25 included a biasable lead which
allowed simultaneous operation as both heat flux and Langmuir probes. Ftir-
thermore, the calorimeter can now measure the contribution toward q1I from a
different part of the Langmuir probe spectrum (figure 4.6). Unfortunately, an
extra bias lead on the calorimeter was not incorporated into the Janus design.
Any attempt to either ground or bias the calorimeter plate would draw too
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much current into the electronics such that the input to the CAMAC is always
saturated. Therefore the calorimeter is typically left floating.
The calorimeter measurement is also prone to pick up noise due to the
changing ohmic and toroidal field coil currents, although typically the toroidal
field magnet current is constant during the plasma discharge. In addition, if
the plate is subjected to large fluctuating floating potentials, it is difficult for
a simple differential op-amp circuit to deduce the induced emf reading without
extraordinarily high common mode rejection ratios. The reasons for the pick-up
are two-fold. The first source is from dB/dt which induces current (Lenz' Law)
within the circuit. Some of the ways to reduce this type of pick-up are better
magnetic shielding or more tightly twisted wires. The calorimeter design is also
susceptible to electrical pick-up due to large conducting surfaces exposed to an
electrically noisy environment.
The analysis technique for a simple, floating calorimeter is trivial. With
ice-point references right after the vacuum feedthrough, the measured emf read-
ings can be easily translated to temperature T(t)2 . The rest of the analysis
follows equation 4.22. However, the data are extremely noisy, which might cause
large fluctuations while numerically differentiating T(t). To avoid this problem
a specified number of data points are averaged to smooth the T(t) profile before
differentiation.
All material properties are evaluated at the plate temperature using the
data compiled by Touloukian2. The energy reflection coefficient is also an ad-
justable input. For tungsten it is typically set at 0.5, although theoretically
predicted values up to 0.6-0.8 have been reported 2s, 2 . Furthermore, since the
particles are gyrating about magnetic field lines, they may strike the calorime-
ter plate at oblique angles,". This would produce additional uncertainty in the
reflection coefficient.
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CHAPTER 5
RFEA and Langmuir Probe Data Presentation
The present understanding of the edge plasma behavior is very limited.
In the scrape-off region many different processes occur simultaneously, includ-
ing plasma and atomic phenomena and plasma-surface interactions. Numerical
models using a variety of assumptions have been proposed', 2'3 '4 ,5 . However, in
view of the complexity of the problem, it is difficult to approach the level of
reality using analytical or even computational models. It is not the goal of this
thesis to come up with yet another attempt to theoretically or computationally
describe the edge plasma.
Using Janus, we have conducted a detailed study of a variety of edge plasma
parameters for various operating conditions. The experimental results will be pre-
sented separately from the physics interpretations. These physics interpretations
will primarily focus on possible mechanisms which will justify the observations
and no detailed theoretical model will be presented.
Data will be presented and then interpreted in both sections III and IV
of the thesis. In section III we will concentrate on presenting some of the edge
plasma phenomena observed on Alcator C, including correlations of edge param-
eters with central (bulk) plasma parameters and operating conditions; in section
IV we will correlate the Janus results with possible mechanisms of plasma-surface
interactions during ICRF heating'' 7 . Spectroscopy measurements of impurity
concentration and confinement time will also be presented to support and to
explain the Janus results.
In this chapter we will present the non-ICRF data of the RFEA and Lang-
muir probe. The calorimeter results will be presented in chapter 8. To illustrate
some of the observed edge phenomena, a time history of a single Alcator C
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discharge will be presented in section 5.1. Section .5.2 will present the depen-
dence of edge parameters on several key central plasma parameters and operating
conditions: including the peak plasma current, Ip (= II|), peak line-averaged
central electron density, fi,, probe position, toroidal magnetic field magnitude
and direction, Bt, and plasma positions. Physics interpretations relevant to the
data contained in this chapter will be presented in Chapters 6 and 7.
5.1 Time History of a Single Shot
The purpose of designing a Janus-type diagnostic is to be able to simul-
taneously monitor a variety of relevant edge plasma parameters that may affect
plasma-surface interactions. Ion and electron parameters are monitored on both
the ion side and the electron side (as defined by 1,, see figure 3.1). From
the proof-of-principle RFEA experiment, we located several interesting edge phe-
nomena that warranted further investigation, including parameter asymmetries
between the electron side and the ion side, and also a higher edge ion tempera-
ture than electron temperature. During the design phase of Janus, these findings
helped determine the Janus setup and operational techniques.
To illustrate the edge phenomena observed by Janus, time histories of the
results obtained by the RFEA's and the Langmuir probes for a single plasma
discharge are presented in this section. The plasma shot presented here is an 8
tesla, hydrogen discharge. The magnetic configuration is aligned in the "normal"
direction where B is antiparallel with respect to 4,. The plasma current is
flowing clockwise looking from the top. Figure 5.1 shows the two principal central
parameters, I, and f,. Compared to typical Alcator operating conditions (see
Table 1.1), this discharge is running at relatively low plasma density. Minor
central density variations are evident throughout the entire discharge.
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For this plasma shot the edge of the Janus housing is located at approx-
imately 17.3 cm in the minor radial direction, 0.8 cm into the shadow of the
limiter. Janus is inserted from the top of the machine and the probe-limiter
configuration is as presented in figure 3.1. The RFEA slit is recessed back from
the probe edge by 0.5 cm, or 17.8 cm in minor radius. It is grounded at the
probe housing. The center positions of the Langmuir probe and the calorimeter
are aligned with respect to the slit position. The probe position, a,, used in this
thesis is defined as the RFEA slit position in the minor radial direction.
Time histories of the electron side and ion side RFEA and Langmuir probe
results are presented in figures 5.2 and 5.3 respectively. The axes scales of
the figures for the electron side and ion side are the same to allow for direct
comparisons. Discharge starts at ~ 30 ms. In each of the figures, the first
subplot presents the RFEA measured ion temperature, T, and the Langmuir
probe measured electron temperature, Z, obtained from the simple probe theory.
The RFEA measured T, agrees reasonably well with the Langmuir probe T
(see section 4.2.3) and will not be presented. The second subplot shows the
plasma density deduced by the Langmuir probe using equation (4.16), which
assumes quasineutral sonic flow to the probe surface. The third subplot plots
the Langmuir probe floating potential, Vf106 t, and the last subplot shows the
energy shift of the ion distribution function with respect to the probe ground as
measured by the RFEA, Vhift (approximately equal to the difference between
the RFEA slit and the plasma potential far away from the probe). VJ'ip on the
ion side remains at 0 for the entire discharge and is not plotted out.
The densities deduced from the RFEA are not shown in the figures. Using
the transmission coefficients derived from the Monte-Carlo code, we found the
RFEA-measured ion density is larger than n,(LP) by factors of 2 ~ 3. Aside
from the uncertainty of the code in calculating the transmission coefficients, the
uncertainty of the simple probe theory will also affect the n,(LP) measurement.
Agreement within a factor of 3 is quite reasonable under these circumstances.
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Figure 5.2 Electron side time histories of the edge plasma parameters.
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The temperature profiles rise quickly during the ohmic (or plasma current)
ramp-up period and stabilize during flattop. Both T and T typically decay
quickdy when the plasma shot ends. The end of this shot is not shown due
to the shortage of memory space for a long-pulse discharge. Examining the
temperature time histories, we found large T's compared to Te's. TI/T,~ 4 on
the electron side and TI/T., 2.5 on the ion side. Possible causes of the ion
and electron energy decoupling will be investigated in more detail in Chapter 6
when we examine the ion and electron energy balances individually.
Similar time histories are observed for the plasma density. However, it
is difficult to interpret the potential behaviors. Vhip appears to be roughly
constant during the plasma current flattop at approximately 15-20 volts (~ 1 -
2T) on the electron side, much lower than the theoretically predicted value of
~ 3T. for a floating probe. On the ion side, both Vp..t and Vjit are near the
probe ground throughout the entire discharge.
Comparing the parameters on both sides of Janus, we found large asym-
metries, favoring higher temperatures, densities, and V ift and more positive
Vp..t on the electron side. The electron side/ion side ratio for Ti is around 3;
T, ratio is around 2; and n, ratio is around 5. The VpI..t difference between
the electron side and ion side is around 2 volts. Although the electron side has
a longer connection length to the next limiter surface, the degree of asymmetry
is much larger than from the geometrical effects alone. Detailed analysis of this
electron side/ion side asymmetry will be performed in Chapter 7.
5.2 Varying Operating Parameters
One of the primary goals of Janus is to conduct a detailed study of the edge
plasma as a functions of the operating parameters. With the amount of data gen-
erated by Janus, it is necessary to examine the edge-central and edge-operating
parameter correlations in a systematic fashion. To this purpose a database code
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is developed. The data stored in the database code are each measured edge pa-
rameter averaged over current (I.) flattop. The relevant parameters stored into
the database for every discharge include I,, f,, jB4, RF power, type of fuel gas,
and probe (RFEA slit) position (in minor radius), a,. Utilizing this database
code, we can examine the edge parameters as a function of a specific central
parameter or operating condition while limiting the rest of the parameters to
a finite range of interest. No observable difference between hydrogen and deu-
terium discharges was found. So these discharges are not distinguished from each
other. Scans of edge parameters as a function of f,, I,, probe positions, ii,/Ip,
toroidal field strength and direction, and plasma positions will be presented in
the following sections. The results presented for the first four operating param-
eters are all for 8 tesla discharges with R, aligned antiparallel with respect to
I,.
The results presented here are categorized by geometrical configurations,
including the limiter dimension and the probe's poloidal location. Most of the
time Janus is located on the top of Alcator C, aligned on the magnetic axis
(see figure 3.1). Janus has also been installed from the side, positioned slightly
(by ~ 1 cm) above the midplane to reduce runaway electron damage. These
two cases are distinguished by the notations "Top" and "Side". Three limiter
radii have also been used during the tenure of Janus: 16.5 cm, 12.5 cm, and
11.5 cm. The cases presented in the first 4 subsections of this section represent
the scans results using the "16.5 cm Top", "12.5 cm Top", and "12.5 cm Side"
configurations. The only parameter scans performed using the 11.5 cm limiter
are for varying plasma positioning.
The operating window for the two small limiter radius cases is very limited.
The smaller limiters are designed to accommodate the ICRF antennas. Therefore
the operating conditions are tailored to match the desirable ICRF operating
conditions. The "12.5 cm Top" configuration was employed for ICRF Fast Wave
Antenna7 , while the "12.5 cm Side" configuration was used for ICRF Bernstein
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Wave Antenna". Due to the smaller plasma volume, it is much more difficult to
run at high plasma current. One method to quantify the operating current limit
is to evaluate the safety factor at the limiter, qum, defined as
Bt alim
= Rmajor (5.1)
where B, is the poloidal magnetic field strength and aiim and Rm,,. are the
minor and major radii of the tokamak. Using Ampere's Law to relate the plasma
current with B,, and using the Alcator dimension of Rm.jo,. = 64 cm, equation
(5.1) is reduced to
a?. Bt
q = 0.781 Bm (5.2)
where atm is in cm, B is in tesla, and I, is in kA. qum > 2 - 3 is required for
stable tokamak operation.
5.2.1 Maximum Cord-Averaged Central Density
Alcator C primarily uses gas puffing as the refueling mechanism. Pellet
experiments have also been successfully demonstrated on Alcator C, resulting
in improved central density and overall energy confinement times, thus allowing
Alcator C to become the first fusion device to surpass the Lawson Criterion for
breakeven at higher T(0). Results presented in this section are all gas puffing
discharges. In performing a proper parameter scan, it is important that other
operating parameters are held fixed during the scan. Using the database code,
we can preferentially select discharges with similar operating parameters while
allowing only the scan parameter to vary.
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This section presents the dependence of the edge parameters on the maxi-
mum cord-averaged central density, ft,, as recorded by the laser interferometer9 .
Figures 5.4-5.6 plot the "16.5 cm Top", "12.5 cm Top", and "12.5 cm Side"
cases respectively. The "16.5 cm Top" case is obtained for I, ~ 400 - 470 kA
while the probe is positioned between 17.5 and 17.6 cm. Due to operating limi-
tations, the bulk plasma parameters for the 12.5 cm configuration cannot match
the operating parameters of the "16.5 cm Top" case. The "12.5 cm Top" case is
obtained at probe positions between 13.6 and 13.7 cm with I, 280 - 300 kA.
The "12.5 cm Side" case is obtained for I, ~ 240 - 260 kA while the probe is
positioned between 13.2 and 13.3 cm.
Each case presents both the electron side and ion side edge parameters as
a function of ft,. The edge parameters considered include Ti measured by the
RFEA, and T., n., and Vp.t from the Langmuir probe. In this chapter these
four parameters will be used to represent the behavior or the edge plasma.
The dependence of the edge parameters as a function of n. is not obvi-
ous. For similar operating conditions, large edge parameter scatterings exist.
The cause of these scatterings is unclear. The measured parameters, however,
are sensitive to a variety of operating conditions. As we will examine later, the
plasma position plays an important role in the measured edge parameters. The
wall condition, which affects plasma-surface interaction mechanisms, will also
cause edge parameters to fluctuate. For example, after a major disruption, for
several successive discharges the edge parameters will behave quite differently de-
spite apparently constant operating conditions. Typically, the edge densities will
be lower, by almost an order of magnitude, right after the disruption as com-
pared with later discharges. The presence of large quantities of wall impurities
after a disruption may play an important role in the edge particle and energy
balances. Finally, edge density and potential fluctuations"' can be the cause of
anomalous transport in the edge plasma region and may also contribute toward
the measured scattering.
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Looking at all three cases, no systematic variations of T and T. can be
deduced. The edge plasma densities, on both the electron and ion sides, increase
as ft, is increased. For Janus locating at the top, the electron side is always
hotter than the ion side. Calculating the electron side/ion side temperature
ratios, both the Ti and T two-sided ratios fluctuate between 1.5 and 3. The
side entry geometry produces a different result. The two-sided T. ratio hovers
around 1. The electron side Ti's are still hotter, but the electron side/ion side
ratios drop to the 1-2 range.
The ion temperature remains higher than for electrons, but the behavior
of the TI/T. ratios act differently for each of the three cases. They also behave
differently between the electron and ion sides. For the "16.5 cm Top" case, the
Ti/T, ratios on both the electron and ion sides are around 3 at low central
densities, but decay toward 1 as central density increases. No systematic TI/T,
variation is seen for the "12.5 cm Top" case. The ratios fluctuate between 1 and
2.5 as we scan through in f,. From the side, the electron side T,/T, ratio drops
from 3 to 2 as ft, is increased. The ion side ratio ranges from 1 to 2, without
any indication of systematic variation.
Although the "16.5 cm Top" case is conducted at higher plasma current,
the measured T, and T, values match closely with the "12.5 cm Top" case.
Keep in mind that the probe positions for both cases are about 1-1.2 cm into
the limiter shadow region. The "12.5 cm Side" case yields lower temperatures
despite being positioned closer to the bulk plasma. Between the top and side
mount geometries, uncertainties of ±2 mm in the actual probe positions are
possible. However, a more probable cause is significant poloidal asymmetries in
the edge parameters of Alcator C, which have been observed using a full poloidal
Langmuir probe array, DENSEPACK' 1 3 .
The edge density increases as the central density is increased. However, the
edge density increase does not scale linearly with respect to the central density
increase. Typically the edge density profile, in the shadow region behind the
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limiters, follows an exponential decay profile (see Chapter 2 and section 5.2.4).
Therefore, the measured density value depends on the plasma density at the
limiter radius and the transport mechanisms, thus variations of bulk density
profiles can strongly influence the edge density measurement.
Similar to the two-sided temperature asymmetry, the electron side plasma
density is also larger than the ion side density. The electron side/ion side density
ratio is much larger for measurements made with the top mount geometry as
compared with the side mount case. On the top, the ratios for both the 16.5
and 12.5 cm limiters vary from 10-15 at low central densities and 8-10 at high
Tz,'s. On the side, the density ratio starts from 2-3 at low density, but increases
quickly and levels off at a ratio of ~ 5 as ft, is increased. Consistent with the
DENSEPACK measurements, the edge plasma densities at the side are much
lower thaii the densities at the top of Alcator C.
The interpretation of the exact meaning of the floating potential, Vfl0.t,
is unclear for Langmuir probes in a magnetized environment. Often, significant
variation of the floating potential is detected corresponding to the onset of pecu-
liar edge phenomena. Although the floating potential is not used as part of the
interpretations of the edge phenomena in this thesis, the dependence of Vfl..t
as a function of the operating parameters is included for future references.
The electron side Vp..t is typically more positive than the ion side Vf106 t
when the probe enters Alcator C from the top. At low densities, the potential
difference between the two sides is larger. This difference is reduced as fi, is
increased. For the "12.5 cm Top" configuration, the ion side Vft.., starts at
a more positive value than the electron side Vp 0.. , but the potential difference
between the two sides reverses sign beginning at ft, 2.5 x 1014 cm--. As for the
"12.5 cm Side" case, the ion side Vl..t is always more positive than the electron
side value. At low densities, where we found very small electron side/ion side
density ratios, the potential difference between the two sides of Janus is largest.
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5.2.2 Maximum Plasma Current
One of the major achievements of the Alcator C device is the success-
ful demonstration of current drive using lower hybrid waves1 2 . However, cur-
rent drive can only support plasmas at very low plasma densities (ft, < 1 x
10" cm- 3 ). Normally the Alcator C operates at much higher central densities
and plasma currents as compared with the lower-hybrid-driven plasmas. As pre-
viously mentioned, the operating parameters for the 12.5 cm limiter are very lim-
ited. This prevents us from conducting a reasonable current scan at the smaller
limiter. The current dependence of the smaller limiters will be incorporated into
the presentation of the next section.
Figure 5.7 plots the edge parameters as a function of the plasma current,
I,, for the "16.5 cm Top" configuration. The probe is positioned between 17.5
and 17.6 cm with ft, 1.6 - 2.1 x 1014 cm- 3. At low I, the edge plasma is
found to be cooler. The electron side Vfl..t also becomes more negative as I, is
decreased. The two-sided asymmetry has a slight dependence on I,. The ratio
of electron side/ion side n, decreases by about a factor of 2 over the range of
I, in this scan.
5.2.3 ft,/I, Dependence
Looking back at the two previous sections, we found that the effects of I,
and ft. on the edge parameters oppose each other. Therefore, f,/4, arises as a
possible scaling parameter for studying the edge parameter dependences. Inter-
estingly similar scaling parameter has been observed on other tokamak devices.
barn,/Ip is also used as a scaling parameter of the Marfe phenomenon observed
on Alcator C10.
Figures 5.8-5.10 plot the edge parameters as a function of fi,/I, for the
"16.5 cm Top", "12.5 cm Top", and "12.5 cm Side" cases respectively. For each
case the probe is located at the position defined previously in section 5.2.1.
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At small values of f./I., the behaviors of the edge parameters follow the
trends predicted by the n, dependences described in section 5.2.1. The edge
plasma enters a peculiar regime at large ,/4 values. For the top mount ge-
ometry, beyond a certain transition value, both the electron side and ion side
T values drop; the electron side T. drops while the ion side T. stay roughly
unchanged; and the plasma densities on both sides also beyond the transition
point. The floating potential difference between the two sides is reduced as f,/p
increases. Beyond the transition point, the electron side Vf,106 drops under the
ion side V1j..t.
It is possible to relate the transition point to the onset of Marfe' 0 1 3 ,
where the edge plasma region enters a radiation-dominated regime. The tran-
sition point for the "16.5 cm Top" case agrees very well with the experimen-
tally determined10 13 Marfe threshold, which for a 16.5 cm limiter is located at
e/Ip ~ 5-5.5x 10-3, where ft is in 1014 cm- 3 and 4 is in kA. The transition
point for a different limiter radius is not studied. For the "12.5 cm Top" case,
a similiar transition point is located at about n,/4 ~ 1.0 x 10-2.
The transition phenomenon for the side mount geometry is unclear. Al-
though the electron side T begins to drop as fie/Ip exceeds 8 x 10-3, no other
phenomenology that is seen for the top mount geometry can be distinguished.
5.2.4 Radial Profiles of the Edge Parameters
In order to evaluate the transport properties of the edge region, it is nec-
essary to determine the spatial dependences of the plasma parameters in order
to calculate the spatial derivative terms. Janus is designed to be able to scan
in the minor radial direction. The scan range is limited by the vacuum vessel
wall at one end and the limiter radius at the other end. However, there exist
operating limits on how close the probe can approach the limiter radius. As the
probe approaches the limiter radius, the plasma is hotter and denser, thereby
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setting a limit for the RFEA power supply in terms of maximum bias voltage
and maximum current limitation.
Figures 5.11-5.13 plot the radial profiles for the three different geometric
configurations. For the "16.5 cm Top" configuration, the central parameters sit
in the range of 4 ~ 310 - 350 kA, and f. ~ 1.3 - 1.7 x 1014 cm- 3 . For both 12.5
limiter configurations, the operating parameters are at 4 ~ 270 - 300 kA, and
ft, 2.2 - 2.4 x 1014 cm-3
Edge modelling typically assumes that the spatial dependences of the edge
parameters follow exponential-decay profiles. This assumption allows us to re-
place the spatial derivative, d/dr, with the variable -1/A, where A is the e-
folding scale length for the parameter in question. Looking at the measured
radial profiles, we found that both the electron side and ion side density profiles
for all three cases can very well be appraximated by simple exponential profiles.
The density scrape-off length, An, is longer for a larger limiter radius. For the
"12.5 cm Side" case, the electron side An is slightly longer than the ion side
value. Therefore the electron side/ion side asymmetry grows from 3 to 10 as
the probe is retracted from the bulk plasma. For the "12.5 cm Top" case, A,
values on both sides are approximately the same, with A,'s around 0.25-0.3 cm,
yielding constant electron side/ion side ratios of ~ 10 - 15. For the 16.5 cm
limiter case, An(electron side) - 0.42 cm, while An(ion side) ~ 0.61 cm. The
electron side/ion side n, ratios decrease from ~ 10 close to the limiter edge to
6 near the wall.
The temperature scrape-off length, AT, is much longer than A,, and the
measurements are much more uncertain. The ion temperature scrape-off length,
AT;, is always shorter than the electron temperature scrape-off length, AT,.
Therefore the TIT, ratio is largest as the probe approaches the limiter edge
and reduces as the probe is drawn back toward the wall. T/T, --+ 1 near the
wall. The ion side AT's are typically much longer than the electorn side AT's.
With few exceptions, AT,(ion side) is so large that AT.(ion side) ~ oo. On the
157
P. I..
-1 0 4
-J-
e 0.4
ifl fg %n C"4
0 40
(T WO O
n 0 a
(AS) U
a 0
00 44
* 0 0 4
-0
40
PS
40C*~ 4 0
(S4IoA) 10011.A
(AS) .1
-I-
to
7
I,
P.-
PS
Sn
P..
U
5-
0
A1 PS
Figure 5.11 Edge parameters as a function of minor radius for the "16.5 cm Top"
configuration.
158
0!
P%
C:
V.)
N
0 44
*1
* * 44.W
Oe ~6
* 44
- 6
0@ 44
- 0 4
44
* a a
WI..
.4
a a.....
0
a
.1 c - C-.
.-. ..
2 2 2 4
. a
o .... a
(As) Ui.
An
Sn
4
p.,
4
4
S
p.,
I,-
p.,
Sn
p.,
II,
Cn -- 0 -)Mi 7
(s410A) 40011A
S I~~' ~ ~-
2*
E
ID
Sn
"ii
oem. qem
* S ininua4 4 4
m a
II
""4 @00 444
.4
* S j in
(AG) OJL
Figure 5.12 Edge parameters as a function of minor radius for the "12.5 cm Top"
configuration.
159
I * I ' I i I '
so
on
44
64
C- Sir. I I S S lIT
4 4.-
t
02
U,
4 
i
.
0
wn
In
0 -
2
0
0 4
* 4
0 4
0. 4 e.... .
a
-- in a 0
0
(T-uu*) ON
I 11111
LI
*0 4
U,
N
a
- 0 4
* 04
* 0-6
-uII
* haN
04
40
40
InZ0 a Q
(AO) U.
4
a
In
.0.
O 0- 0
40
40
40
a 4
.4
(AS) 01
Figure 5.13 Edge parameters as a function of minor radius for the "12.5 cm Side"
configuration.
160
I.
E
in
4 0
40
4 0
4 0e
.4 I I I
a'
w*b
N
II,
U
0
oC
0i
K:
0
0
-o
0
4
N
I-,
E
I
(S410A) 40011A
electron side, for the "16.5 cm Top" case, AT. and ATj are both ~ 1.0 cm.
The two 12.5 cm limiter cases have similiar electron side temperature scrape-off
lengths, AT., 1.5 - 2 cm, and AT1 ~ 0.7 cm.
As the probe moves away from the limiter edge, the floating potential dif-
ference between the two sides drops. The electron side Vfg..t is more positive
than the ion side Vp..t when Janus is inserted from the top of Alcator C. The
behavior reverses when the probe is mounted from the side.
5.2.5 Toroidal Field Magnitude and Direction
Alcator C is a high magnetic field device with operating range of IBtj
from 6.5 to 13 tesla. Figure 5.14 plots the edge parameters as a function of
toroidal magnetic field strength. The scan is conducted at Ip,~ 280 - 300 kA
and ft, ~ 2.0-2.2x 10" cm- 3 . Both the electron side T and T. decrease as Bt is
increased while the ion side temperatures stay either constant or increase slightly,
thus reducing the electron side/ion side temperature ratios down toward one.
The behavior of Vpf0 , follows the temperature behavior. Both the electron and
ion side densities decrease as Bt inceases. However, the decreases are uniform,
maintaining the electron side/ion side ratio at ~ 10.
Normally the toroidal field direction is aligned antiparallel with respect to
the plasma current direction. This is defined as the normal field configuration.
The direction of the toroidal field can be reversed such that B 1 I,. This is
defined as the reverse field configuration.
The reverse field experiment was only performed for the 16.5 cm limiter
with Janus located at the top. Looking at similiar experimental conditions, we
found that the reversal of B has a pronounced impact on the edge plasma. Fig-
ure 5.15 plots the edge parameters as a function of ft,/I, for a probe positioned
between 17.5 and 17.6 cm. Despite the large scattering of the data points, an ob-
vious difference between the "normal" and "reverse" configurations is the change
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in magnitudes for all the edge parameters. The ion side parameters approach
the magnitudes of the electron side parameters such that the electron side/ion
side ratios approach one. Throughout the entire h,/Ip scan, the ion side floating
potential is either greater than or appraximately equal to the electron side value.
This is a reversal from the "normal" field case.
The effect of reversing the L.t direction on the two-sided asymmetry is most
visible by examining the radial profiles of plasma parameters. Figure 5.16 plots
a radial profile of edge parameters for similiar operating conditions as shown
in figure 5.11. For the "normal" field configuration, the ion side density and
temperature scrape-off lengths are much longer than the corresponding electron
side values, thus yielding large electron side/ion side ratios as the probe is pushed
toward the limiter radius. For the "reverse" field case, the ion side scrape-off
lengths are smaller than the normal field case. The electron side scrape-off
lengths typically do not vary much when the direction of B changes. Close to
the limiter radius, the magnitudes of the ion side parameters exceed the electron
side values. The floating potentials on both sides are approximately equal far
away from the limiters, but the ion side Vfl..t becomes more and more positive
with respect to the electron side Vl..g as the probe is pushed toward the limiter
radius. This trend is opposite from the "normal" field trend.
5.2.6 Plasma Positions
Changing the plasma position can lead to a large perturbation of the edge
parameters. The in-out and up-down plasma positions are diagnosed by using a
carefully wound poloidal array of magnetic pickup coils positioned at the vacuum
vessel"'. The in-out position can be determined by a linear combination of the
pick up voltage readings from the cosine and saddle coils, or V-,, and the up-
down position can be determined by the voltage reading of the sine coil, Va.
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The only systematic study of the effects of plasma positions on the edge
parameters is conducted by varying the in-out position. During an in-out scan,
the up-down positions are held fixed on axis. Figure 5.17 plots the edge parame-
ter dependences of the in-out positions at one radial position (12.6 cm) while all
other parameters are fixed. The scan is conducted in deuterium with 4 - 247
kA, f, ~ 2.6 x 1014 cm- 3 , and Bt ~ 8.5 tesla. Both the electron side temper-
ature and density increase as the plasma position is shifted inside (high field
side). No systematic change of the ion side density is evident. Although the ion
side temperature appears to decrease a little as the plasma is shifted inside, the
variation is only a few eV.
A more extensive study of the effect of plasma positioning on the electron
and ion side edge parameters is displayed in figures 5.18 and 5.19. The central
plasma parameters are fixed at 4 ~ 250 - 260 kA, f, ~ 2.0 - 2.3 x 1014 CM-3,
and Bt ~ 7.3 tesla. The fuel is hydrogen. The study is comprised of 4 radial
scans at the plasma in-out positions of +0.8 cm, +0.7 cm, +0.2 cm, and -0.25
cm, where positive values signify position toward the outside, or low field side,
and negative values mean inward positions.
On the electron side, there is a clear trend, at all radii, toward increasing
edge density and T. as the plasma is shifted toward the inside. A similiar trend
exists for T at small minor radii. Decreasing T is seen at large minor radius,
a. > 13.0 cm. As the plasma is shifted toward the inside, Vfl.., also becomes
more positive at all radial locations.
On the ion side, the edge parameter dependence is less clear. The tempera-
ture values fluctuate as the plasma position changes. The ion side Vflo.t is more
negative than the electron side Vz.., for a, !5 12.8 cm. No significant potential
difference is seen at large minor radii. At a. ; 12.8 cm, there is some general
trend of density increase as the plasma shifts inward. Figure 5.20 plots the fitted
density scrape-off lengths on both the electron and ion sides for the four plasma
in-out positions studied. When the plasma is shifted outward, the electron side
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An's are longer than ion side A,'s. When the plasma is shifted inward, the A,'s
on both sides are appraximately the same.
As the result of the changes in magnitudes of edge parameters and A as
the plasma position shifts in and out, the two-sided asymmetry also changes.
Figure 5.21 plots the electron side/ion side density and T, ratios. As the plasma
shifts inward, there is a systematic trend, at all radial positions, for greater
electron side T, as compared with the ion side T. For a. _< 12.6 cm, the
density asymmetry favors the electron side as the plasma shifts toward inside.
For larger minor radii, there appears to be a reversal of asymmetry, favoring
larger electron side density as the plasma shifts outward However, at the one
lone data point from an extreme inside position and large minor radial position
(a. = 13.0 cm), the ratio appears to have a well-shape dependence, favoring
larger electron side density as the plasma shifts either inward or outward.
170
(ww) 4.ue-1
Lfl 0
(N (N
5u.IPIJo-3
Figure 5.20 Variations of the electron and ion side density scrape-off scale lengths
. as a function of the plasma in-out positions.
171
E(4
10
10o i
0
C
0
-4-
C
H
* 4
* 4
S II
'.
0
E
I-0
C
H-
.C
6 "
C
a
(N
0
r0
I-
In-Out
Denfliy Railo
-0 12.4 cm
A 12.6 cm
301-
-0.8
Scan
NeBar: 2.0-2.314
Ip: 250-260 kAmpw
* 12.8
o 13.0
A 13.2
A
0
A 00 A
0
60
2
-0.5 -0.2
To Ratio
-0.8
0.1
-0.5 -0.2 0.1
In-Out
0
a
J&
0
0.4
0.4
(cm)
A
0
M A
0.7
0.7
Figure 5.21 Electron side/ion side density and electron temperature ratios at dif-
ferent radii and plasma in-out positions.
172
35
.2--V)
LaJ
25-
20 -
15-
10-
5-
A
3.0
V)
L
2.5
2.0
1.5
-0 12.4 cm R 12.8 cm -
A 12.6 cm 0 13.0 cm
A 13.2 cm
00
00
A
-
AA
1.0
1.0
1.0
MA I
Im
Cm"
CM
A
I I
References
[1] Gierszewski, P. J., "Plasma/Neutral Gas Transport in Divertors and Lim-
iters," M.I.T. ScD Thesis, September 1983.
[2] Prinja, A. K., Conn, R. W., "An Axially Averaged-Radial Transport Model
of Tokamak Edge Plasmas," J. Nucl. Matt. 128 & 129, 135-140 (1984).
[3] Ulrickson, M., Post, D. E., "Particle and Energy Transport in the Plasma
Scrape-Off Zone and Its Impact on Limiter Design," J. Vac. Sci. Technol.
A 1, 907 (1983).
[4] Waltz, R. E., Burrell, K. H., "Tokamak Boundary in Contact with a Lim-
iter," Nuclear Fusion 17, 1001 (1977).
[5] Braams, B. J., Harbour, P. J., Harrison, M. F. A., Hotston, E. S., Morgan,
J. G.,, "Modelling of the Boundary Plasma of Large Tokamaks," J. Nucl.
Mat. 121, 75 (1984).
[6] Moody, J. D., McDermott, F. S., Porkolab, M., Parker, R. R., Besen, M.,
Takase, Y., Alcator C Group, "The Alcator C Ion Bernstein Wave Heating
Experiment," Bull. Amer. Phys. Society 30, paper 5Q9, 1495 (1985).
[7] Shepard, T. D., Besen, M., McDermott, F. S., Parker, R. R., Porkolab, M.,
"A Matched Fast Wave Coupler for the Alcator C ICRF Heating Experi-
ment," Bull. Amer. Phys. Society 30, paper 5Q10, 1495 (1985)
[8] Greenwald, M., Gwinn, D., Milora, S., Parker, J., Parker, P., Wolfe, S., and
Alcator Group, "Energy Confinement of High-Density Pellet-Fueled Plasmas
in the Alcator C Tokamak," Phys. Rev. Let. 53, 352 (1984).
[9] Designed and operated by S. Wolfe.
[10] LaBombard, B., "Poloidal Asymmetries in the Limiter Shadow Plasma of
the Alcator C Tokamak," M.I.T. Doctoral Thesis, April 1986.
[11] Liewer, P. C., "Measurements of Microturbulence in Tokamaks and Com-
parisons with Theories of Turbulence and Anomalous Transport," Nuclear
Thsion 25, 543 (1985).
[12] Porkolab, M., et al., "Lower Hybrid Heating and Current Drive, and Ion
Cyclotron Heating Experiments on the Alcator C and Versator II Toka-
maks," Proceedings of the 10 h Int'l. Conf. on Plasma Physics and Con-
trolled Nuclear Fusion Research, London, (September 1984).
[13] Lipschultz, B., LaBombard, B., Marmer, E. S., Pickrell, M. M., Terry, J.
L., Watterson, R., Wolfe, S. M., "MARFE: An Edge Plasma Phenomenon,"
Nuclear Rgaion 24, 977 (1984).
[14] Pribyl, P., "Plasma Position Control on Alcator C," M.I.T. Plasma Fusion
Center Report, PFC/RR-81-21 (May 1981).
173
CHAPTER 6
Ion and Electron Energy Balances
The ions play an important role in the edge plasma region. A large number
of edge processes and plasma-surface interactions are dependent on the ion tem-
perature, T. Yet direct measurement of T is seldom achieved in the edge plasma
region. An excellent review of the techniques of ion temperature measurement
is given by Matthewsl. Using the three diagnostics within Janus, a number of
important edge plasma parameters can be monitored directly and simultaneously,
including the plasma density, and ion and electron temperatures. From the mea-
sured values of the edge parameters and using the simple edge model derived
in Chapter 2, we can examine the Alcator C edge plasma and investigate the
possible edge phenomena that may affect the edge plasma. In this chapter, en-
ergy balances for both the ions and electrons will be performed. Unfortunately
a number of unknowns, principally the neutral and impurity parameters, along
with the existence of edge potentials, will directly affect the energy balance. In
addition, the edge transport mechanisms are anomalous, thus accurate ion and
electron energy balances are difficult. An alternative to studying the energy bal-
ances is to study the degree of impact for various energy loss or gain mechanisms
which will influence the edge energy balance picture.
A simple energy balance, using a model proposed by Stangeby2, is presented
in the next section. Section 6.2 reiterates some of the important findings relevant
to the ion and electron energies that were previously presented in Chapter 5.
Then ion and electron energy balances, using the model derived in Chapter 2,
will be carried out for the edge parameters measured on the Alcator C using
Janus. Finally, in section 6.4, we will attempt to perform an accounting of the
total energy deposited in the edge region.
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6.1 A Simple Energy Balance Picture
Assuming that the edge region is collisionless, and neglecting the presence
of both neutrals and impurities, Stangeby2 simplifies the edge energy balance
picture to a balance between parallel loss to the limiters and perpendicular gains
due to diffusion and conduction. The terminology used in this chapter is defined
in Chapter 2.
In the Stangeby model, the continuity equation is expressed by equation
(2.28). The energy equation is approximated as
V -. ~ , (6.1)
where qI and q are the perpendicular and parallel heat fluxes for species j. The
perpendicular heat flux as a function of the minor radius r can be approximated
as
d~kT)dn
qiL njd X T + 2kTD 1  . (6.2)dr dr
ru,, is defined as the limiter edge. The parallel ion and electron heat fluxes
are described by equations (2.53) and (2.55). For this analysis, Stangeby uses
f(r) ~ 0.5 and p. ~ 1.
The radial profiles in the scrape-off plasma are assumed to be:
n,(r) 'n, e-(r-n')/A , (6.3)
T,(r) To e-(r-ru"%)/X-, and (6.4)
Ti(r) To e~(*~'")/X', (6.5)
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where A's are the scrape-off density and temperature scale lengths, and the sub-
script 0 signifies the value at the limiter radius. The radial dependence of the
ion sound speed is assumed to be dominated by the ion temperature profile.
By using equations (6.3)-(6.5), Stangeby integrates through the continuity and
energy equations from the limiter radius to the wall at ~ oo. The perpendicular
ion conduction term is negligible if Ai -+ oo. By using the continuity equation,
D1 is given by equation (2.34). Therefore, the electron energy equation can be
reduced to
1 + An * (6.6)A, 2 + (xI0OA,,/DLoA.) (.6
-, is the sheath transmission coefficient for electrons. It is a function of plasma,
material, and geometrical effects. Figure 6.1 plots the function A./A, against the
transport function xIo/Djo for different values of -Y,. At the Alcator C edge,
A,/A, ~ 2.5. For typical value of y. ~ 6, XIo/Dio ~ 6. The INTOR' design
study used x1O/Dio 5 - 10.
Assuming that all the particle and energy fluxes that diffuse into the edge
plasma region will be removed by the limiters, the rate of total particle (P,)
and energy (Pk for species j) removal at the limiter can be expressed as
P, = N.w r 1 dr, and (6.7)
Pj = N. w q dr, (6.8)
where P11 is the parallel particle flux (see section 2.2.1), N. is the total number
of limiter or divertor surfaces, and w is the breadth of the scrape-off tube.
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Figure 6.1 The ratio of A,/A, as a function of the ratio X.io/DIo plotted for
various values of the electron sheath transmission factor ,..
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w = 2rrj,, for a full poloidal ring limiter. Given the radial profiles of the
densities and temperatures, and by predicting the dependence of -f. as a function
of both T. and Ti, the values of To, To, n7 o can be deduced as functions of
Ps's, and P,, or vice versa.
Stangeby's model provides a simple, intuitive picture of the edge plasma.
However, a number of the approximations he has to make in order to achieve the
final result are not applicable to the Alcator C edge, mainly the negligence of
the neutral and impurity contributions, ignoring collisional effects, and assuming
a flat T profile. Furthermore, Stangeby's edge model, although simple and intu-
itive, fails to properly model the perpendicular convection term while neglecting
the parallel compression contribution due to the presence of the presheath. A
more complete model of the energy equations that is more appropriate for the
Alcator C edge region is derived in Chapter 2.
6.2 Effect of Operating Parameters on T7 and T
Using the RFEA to measure Ti and the Langmuir probe to measure T,, we
can monitor the variation of ion and electron energies contained within a finite
flux tube as a function of the Alcator C operating conditions. First let us re-
examine the single shot time history presented in section 5.1. The shot presented
is a low density discharge with i. ~ 8 x 1013 cm-3 operating at 280 kA. Ion
temperatures on both the ion and electron side are much larger than the electron
temperature. The ratio of TI/T ranges from 2 ~ 4, indicating strong ion and
electron energy decoupling. The 90* collision frequency is directly proportional
to the local density while inversely proportional to the temperatures. Therefore,
at low central, and thus low edge densities, T and T. will not equilibrate.
The single shot data also point out the difference between the tempera-
tures measured at the electron side and ion side. The possible mechanisms of
generating such side-to-side asymmetry will be discussed in more detail in the
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next chapter. In analyzing the ion and electron energy balances, we will only
treat the case as energy balances within the flux tube extended from the Janus
diagnostics back into the edge plasma.
Looking at the temperature variations as a function of the operating pa-
rameters presented in section 5.2, we found large scattering of the measured
temperatures for every operating parameter scan. Furthermore, the temperature
variations behave differently for each of the three limiter-probe configurations.
From the fi./I. scans, for the 12.5 cm limiter cases, we measured larger electron
side Ti and T, by factors of 1.5-2, for a probe located at the top as compared
with the side. The ion side temperatures are approximately the same for both
cases. Keep in mind that the probe's minor radial position is closer to the
limiter, by ~ 4 mm, for the side-mount case as compared with the top-mount
case.
For the temperature measurements made on the electron side of Janus,
there is a systematic trend of decreasing temperatures as i./I. increases. This
is consistent with Stangeby's simple model presented above. However, the ion
side temperatures do not exhibit similiar trends. As fiI,/ increases, the ion side
temperatures either stay constant, or in some cases even show signs of increase.
Unfortunately there is no simple explanation that may resolve this issue. For
conventional Langmuir probe measurements, the probe tip collects current from
both the electron and ion sides. So the actual temperature measured is really
an "averaged" quantity weighted by the total flux collected on each side. For
the Alcator C geometry, if a conventional Langmuir probe replaces Janus, then
the temperature measurement likely reflects the electron side value since the flux
collected at the electron side is much greater than the ion side.
The electron side/ion side temperature ratio also depends on the poloidal
position of the probe and fi,/I.. For Janus locating at the top, the electron side
temperatures are larger than the ion side temperatures. However, the electron
side/ion side temperature ratio approaches 1 as ft,/Ip increases. On the side,
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the electron side/ion side Ti ratio still exceeds 1, but the ratio drops from 1.5-3
for the top-mount case to 1-2 for the side-mount case. The T ratio on the side
hovers at ~ 1 throughout the entire range of ft,/I,.
The ions are typically hotter than the electrons. For all three geometric
configurations presented in Chapter 5, the T/T, ratio varies from 1.5 to 3 on
both the electron side and ion side for low values of ii,/I,. As fte/I increases,
there is a general trend of reducing TI/T..
The radial profiles of the ion and electron temperatures act differently for
different probe locations and at different sides. In general, the ion side temper-
ature profiles are much flatter than the electron side profiles, thus the electron
side/ion side temperature ratio decreases as the probe moves away from the lim-
iter radius. The Ti profiles are either steeper than or appraximately the same
as the T, profiles for all cases studied, so the TI/T ratio typically increases as
the probe moves toward the limiter radius.
Several operating parameters have significant influence on the temperature
behaviors of the ions and electrons. By reversing the toroidal field, for the
range of I./I, studied, the electron side temperatures decrease while the ion
side temperatures either stay constant or increase slightly. The electron side/ion
side ratio drops and in some cases goes below 1. T remains larger than T.,
with T./T ratio ranges from 1-4. The radial profile also changes. The ion side
profiles are now steeper than the electron side profiles.
Change in the magnitude of the toroidal field also affects Ti and T.. In-
creasing JBtI results in the decrease of both T and T, on the electron side while
the ion side temperatures either stay constant or increases slightly; thus the elec-
tron side/ion side ratio decreases as IBtI increases. TIT. ratio remains in the
range of 1.5-2 thoughout the entire field scan.
Shifting the plasma positions in and out also has a strong impact on the
measured temperatures. On the electron side, the difference between shifting the
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plasma position in and out by 1 cm could produce temperature changes of as
much as 60%, favoring higher temperatures at inward positions. The changes
in the temperatures appear more pronounced for probe locations closer to the
limiter radius. On the ion side, the impact of shifting the plasma positions
on the temperatures is not obvious. Temperature measurements fluctuate for
different radii and different plasma positions.
6.3 Energy Balances
It is difficult to perform detailed energy balances in the edge region. Un-
known parameters such as the neutral and impurity populations and the types
of impurity species present will directly influence the energy balance. In addi-
tion, the perpendicular transport is anomalous, thus the transport coefficients,
D± and x±, are difficult to estimate. Further uncertainties arise from the actual
influence of potential perturbation, such as sheath and presheath effects, on the
energy balances. In view of these uncertainties, accurate energy balances in the
edge region are not possible. One useful exercise in studying the edge plasma,
however, is to examine the degree of impact of every possible energy loss and
gain mechanism. In this fashion the dominant processes may be isolated.
Janus is a large probe, large in the sense that the length required for
balancing the parallel flux loss with the perpendicular flux gain is longer than
the connection length to the next limiter surface. Therefore the parameters
measured by Janus are not "unperturbed" parameters, but rather they reflect
the averaged values of the plasma within the sampling flux tubes. It is in these
flux tubes that ion and electron energy balances are performed.
From Chapter 2, the ion and electron energy equations are expressed as
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3 dn, dT + d xdT
+ Qi, + Qc. + QL, and (6.9)
3 D , +T d (n , !T, , 1
-L (!n ) n, ,) + (n - -) = ,T. V - v" + I2 dr dr T drL 11
+ Q., + Q,a + QL. (6.10)
In performing the energy balances, we chose to analyze the radial profile data
presented in figure 5.11, which includes data points from 17.2-18.0 cm in the
minor radial direction. The operating parameters for this set of data are I, ~
310 - 350 kA, ft, 1.3 - 1.7 x 1014 cm-3, Bt 8 tesla and antiparallel with
respect to 4,. At each radial position the edge parameters are averaged. Even
with the averaging some scattering exists in the data such that accurate spatial
derivatives are not possible. To this effect each parameter is fitted with an
exponential profile of the form
20'0(r) = e(.,)(r = rum) exp (-,r;?U) (6.11)
where Lo is just a dummy variable, A is the e-folding scale length, and the su-
perscript (e,i) represents either the electron side or ion side. This spatial profile
assumption allows us to replace the spatial derivative d/dr by (-1/A). For the
data of figure 5.11, on the electron side, A ~ 0.42 cm, A ~ 0.96 cm, and
-i 1.05 cm. On the ion side, A 0.61 cm, A ~ oo, and A> 0.91 cm. An is
the density scale length, A, is the T scale length, and \i is the Ti scale length.
Figure 6.2 plots the fitted electron side and ion side profiles of T, T, and n,
along with the averaged data points.
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Using these fitted profiles, the ion and electron energy balances can be
performed for minor radii between 17.2-18.0 cm. The behavior of the edge pa-
rameters beyond this range is unknown. It is possible that the edge plasma in
this region, close to the core plasma, behaves quite differently due to changes in
transport mechanisms. Using an axially averaged radial transport model, Prinja
and Conn found that near the limiter edge the temperature scrape-off lengths
decrease significantly due to the change of energy transport from conduction to
parallel convective flow. Unfortunately the geometric constraints on the Janus
design limits the diagnostic sensors from sampling the plasma to within 5 mm
of the limiter edge.
6.3.1 Ion Energy Balance
The first two terms of equation (6.9) represent the perpendicular convection
and conduction of the ions. Using the fitted exponential profiles, the spatial
derivatives can be evaluated such that
3 Dn, dT) d i dT 3 D_ nT
2- i -g)g)+ - (npxi.-) = 242 dr dr Tr r 2An Ai
+ 1,_ + $1). (6.12)
For A's greater than zero, or when the parameters constantly decay toward lower
values as the probe is drawn toward the wall, the perpendicular convection and
conduction mechanisms act as the energy source terms in the edge region. In
other words, these two terms characterize the heat flux across the limiter bound-
ary, from the hotter core region into the cooler edge region.
The parallel convection term, q'/LI,, represents the amount of ion energy
deposited onto the probe due to parallel convective flow. qj is defined in equation
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(2.53) and includes the effects of the presheath potential. Keep in mind that the
derivation of equation (2.53) assumes a floating probe. In reality this assumption
is not valid in the tokamak edge since the limiters are made of conducting metals
(molybdenum for Alcator C) and are typically grounded to the torus vacuum
vessel. For this exercise we will continue to use this parallel convection model
due to the lack of better alternatives.
The compression term, n, T V -vi, is also difficult to assess. Assuming that
the divergence of the perpendicular velocity is negligible, then the divergence of
the parallel velocity, due to the acceleration of the ion distribution up to the
speed of sound, can be expressed by equation (2.46). Due to this presheath
effect, the incident flux must also be modified by the factor f(r).
The energy exchange due to collisions with the electrons and neutrals are
expressed by Q,. and Q, respectively. Energy equipartition with the electrons
is expressed by equation (2.63). If this term is small compared with other energy
loss or gain mechanisms, then the ion temperature profile would not be coupled
with the T. profile. The charge exchange process is typically a loss term due
to lower neutral energy as compared with Ti. Typically the neutral energy, E,,
is - 3 eV. Q , is given by equation (2.67) and the charge exchange reaction
rate for hydrogen ions and neutrals is given by equation (B.12). As the result
of electron impact ionization of neutrals, an energy source is added into the ion
energy balance. This term, QL, is expressed by equation (2.66), and the electron
impact ionization rate is given by equation (B.9).
Assuming that no neutral and impurity species are present, we can perform
an energy balance between the parallel and equipartition (T > T) losses and
perpendicular gains, similar to Stangeby's simple model (equation (6.6)). Using
equation (2.34) to express D 1 , we get
(_  __/ )2 3 A,. Qj, L
-i- I + 214,g - + (6.13)Dj 1 + (\/A,) 2 X, nC, ,kTi J(r)
185
The equipartition contribution is small (- 2%) as compared with the other terms.
Therefore, substituting in the A's and assuming pS ~ 1, then on the electron
side, Xi/D± ~ 4.3, and on the ion side, xI/Di ~ 1.8.
After adding in the neutrals and impurities, the perpendicular conduction
term must be increased to compensate further energy losses in the edge region.
For this analysis, the Xi/Di ratio is assumed to be a constant at every radial
point. Using XI/D ~ 5 on the electron side and ~ 2 on the ion side, energy
balances are performed by varying the neutral and impurity densities at every
radial position in order to balance the excess source due to perpendicular con-
duction. The neutral density can affect the ion energy balance through charge
exchange and electron impact ionization while the presence of impurities only
affects the electron energy balance as the result of impurity radiation.
Figure 6.3 plots the plasma, neutral, and impurity (molybdenum) density
profiles on both the electron and ion sides that results in the balancing of the
ion and electron energies throughout the entire scrape-off region. The ion side
impurity profile is left out as the result of the flat T profile. This is discussed
further in the next section. Concentrating on the ion energy balance, we found
that for the x' values specified above, the necessary neutral density is ~ 5.4 x
10" cm-' on the electron side, and - 5.4-8.7 x 10" cm-3 on the ion side. For
higher xj values, larger neutral density would be required to increase the charge
exchange loss in order to balance the increasing perpendicular conduction.
One way to look at the relative importance of each term is to define a
"pseudo" confinement time for each mechanism and compared the difference.
The total ion energy content within the flux tube, Ei, can be expressed as
E, 3 n, kT. (6.14)
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Figure 6.3 Plasma, neutral, and impurity (molybdenum) density profiles on both
the electron side and ion side that satisfy the electron and ion energy
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Therefore we can define an energy confinement time, rg, for a specific mechanism
j as
(6.15)
where Qi is the power density of mechanism j, such as Q,.. Table 6.1 lists
the values of Q' and 71, on both the electron and ion sides, for all energy loss
and gain mechanisms at 17.2 cm. The principal energy loss mechanisms are
the parallel convection and parallel compression, with the charge exchange loss
serving as a fine tuning knob. The source terms are the perpendicular conduction
and convection terms. Ionization and equipartition losses are insignificant as
compared with the other terms. Figure 6.4 shows the detailed ion energy balance,
on both the electron side and ion side, as a function of minor radius.
For this set of data the T,/T ratio is of order 1.5. As shown in Chapter
5, T/T ratios could be as large as 3-4. However, comparison between Q,. and
the parallel loss terms shows that even at large Ti/T values, the parallel losses
remain as the dominant loss mechanism. Therefore, it is not surprising that T
and T. profiles do not couple together. Their respective energy balances must
be determined separately.
One of the uncertainties in performing the energy balance is the negligence
of the viscosity term. Poloidal and radial variations of the parallel flow velocities
have been observed on DITE5 . The presence of significant gradient of parallel
velocities would require the inclusion of the viscosity term into the energy equa-
tion. The effect of the viscosity term is neglected due to insufficient data and
lack of proper larger probe data to analyze the parallel flow phenomenon. More
discussion on the parallel flow is presented in Chapter 7.
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Electron Side
Mechanism Q (W/cm3 ) TE (s)
Parallel Convection -2.40 x 101 -10.4
Parallel Compression -1.20 x 101 -20.7
Perpendicular Convection 7.20 34.5
Perpendicular Conduction 3.36 x 101 7.4
Charge Exchange -4.24 -58.6
Ionization 1.34 x 10-1 1.86 x 103
Equipartition -6.92 x 10- -360.0
Ion Side
Mechanism q (W/cm3 ) rg (.us)
Parallel Convection -2.01 -6.7
Parallel Compression -1.00 -13.5
Perpendicular Convection 1.01 13.4
Perpendicular Conduction 2.25 6.0
Charge Exchange -1.75 x 10-1 -77.4
Ionization 6.17 x10~4 1.23 x 104
Equipartition -7.03 x 10- -192.4
Table 6.1 Q' and ri values, on both the electron and ion sides, for all possible
ion energy loss or gain mechanisms.
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Figure 6.4 Radial variations in the ion energy balances on both the ion and elec-
tron side.
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6.3.2 Electron Energy Balance
The reduction of the electron energy equation follows the previous treatment
of the ion energy equation. The perpendicular terms are simplified to
3 DtT, d X, d , 3 Di np T.
2 )dr dr' + Pxx dr 2A,, A,
+ A" np + 1 ). (6.16)
Since both the ions and electrons must flow together, quasineutrally, toward
the sheath edge, the divergence of the parallel velocity can be similarly described
by equation (2.46), and the flux be reduced by f(r). The parallel convection
term is given by equation (2.55). Using the coefficient -t,, which is defined as the
electron portion of the sheath transmission coefficient, the contributions of both
the electron thermal energy and the energy required to maintain the negative
sheath potential are
2 e|V.&a,,I(617
7, = + , (6.17)1-V. kT
where v, is the secondary electron emission coefficient which is set at 0.3. The
sheath potential contribution is derived from the kinetic model proposed by
Emmert 6 .
Q,; = -Qj,, and Q! is now an energy loss term since electron must exert
a certain amount of energy to excite the impurities. Q! is given by equation
(2.65) where . 30 eV for T, in the range of 10-30 eVT and n, <; 1 x 1013
cm- 3 . Finally, due to radiative decay and recombination processes, a fraction of
the electron energy is lost via radiation. Qrad is given by equation (2.64).
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Neglecting the presence of neutrals and impurities, the xI/Di relationship
tan be derived (using equation (6.13))
X!_ (A/A) 2  [3A, Qei L11  (6.18)
D 1 + (,/A,) l+2 \, n, C, kT f( Jr)
Neglecting the electron-ion equipartition term, and plugging in the A's, we get
xI/D I-~ 8.6 The perpendicular terms on the ion side are negligible due to the
flat T, gradient. Unless xL -+ oo, this behavior raises an interesting question as
to what kind of energy source is present in the flux tube to maintain the flat
T, proffle. Clearly the equipartition of the ion-electron energies cannot sustain
the observed T profile.
Using the same neutral profile necessary for the ion energy balance, we can
manipulate the impurity profile and balance the electron energies. FRom Ap-
pendix B, we found that using low-Z impurities such as carbon and oxygen, due
to their low cooling rates, would require an improbably high quantity of impuri-
ties to generate the necessary radiative loss in order to balance the perpendicular
source terms. The electron side portion of figure 6.3 plots the necessary molyb-
denum proffle for electron energy balance. On the ion side, due to the flat T,
profile, the presence of impurities would just increase the total losses since the
perpendicular source is nonexistence.
Table 3.2 gives the QI and r values, at both the electron side and ion side,
for the electron energy balance at 17.2 cm. Figure 6.5 plots the radial profile of
the energy balances. For this set of calculations, the ion side molybdenum profile
is assumed to be the same as the electron side profile. The radiative energy loss
term, in this case, replaces the charge exchange term as the tuning knob. The
ionization and equipartition terms are still small in comparison.
The parallel convective term is by far the dominant energy loss mechanism.
This is because of the large y, value due to the presence of the negative sheath
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Electron Side
Mechanism Q (W/cm3 ) 'rE (AS)
Parallel Convection -4.28 x 101 -4.2
Parallel Compression -8.73 -20.7
Perpendicular Convection 5.73 31.6
Perpendicular Conduction 4.94 x 101 3.7
Radiation -2.94 -61.6
Ionization -1.36 135.4
Equipartition 6.92 x 10-1 -261.4
Ion Side
Mechanism Q (W/cm 3 ) 'rE (As)
Parallel Convection -1.43 -2.9
Parallel Compression -3.10 x 10-1 -13.5
Radiation -2.79 x 10~' -15.0
Ionization 6.17 x 10-3 677.6
Equipartition -7.03 x 10-2 -59.4
Table 6.2 Qi and -r values, on both the electron and ion sides, for all possible
electron energy loss or gain mechanisms.
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Figure 6.5 Radial variations in the electron energy balances on both the ion and
electron side.
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potential and secondary electron emission. If the value of v. is greater than the
value (0.3) used for this study, then the parallel loss term will increase. However,
keep in mind that the parallel loss terms are derived with the asumption of the
ideal situation where the plasma is in contact with a floating plate. Clearly, given
the limiter configuration of Alcator C, this asumption may not be valid. The
profile of potential difference between the plasma and a conduction limiter (or
wall) is quite complicated. It is dependent on the limiter geometry and material
property, parallel and perpendicular transport, and the operating parameters of
the experiment. It is possible that the potential difference between Janus and
the plasma prohibits the formation of a negative sheath. Then the parallel loss
terms can no longer be expressed by our present model.
One possible evidence in support of this argument is from the Vhaif mea-
surement of the RFEA. It is difficult to obtain an accurate and consistent mea-
surement of Vki, due to edge fluctuations. In general the ion side Vhift is 0 for
all discharges. The electron side Vhip increases as the probe approaches the lim-
iter radius. But the value eVkjp/kT, is typically smaller than the eIVh..tki/kT
value predicted by theory. eV.hft/kT, ~ 1 - 2 is typical. If the sheath forma-
tion under our geometry does not agree with the theoretical predictions, then
the parallel loss terms must be re-evaluated. However, given our present under-
standing and experimental observations, it is difficult to assess the validity of
this assumption.
6.4 Energy Accounting
From the previous section, we found that the loss mechanism is dominated
by parallel convective loss to the limiters. Neglecting the rest of the loss terms,
we can attempt to perform a simple accounting of total energy loss in the edge
plasma region. The total power flux at the probe, on both the electron side and
ion side, can be obtained using equation (2.57), which states
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where r = Ti/T,. Figure 6.6 plots the electron side and ion side q,**ta as a
function of the minor radius from 17.2-18.0 cm, using the fitted profiles from
the previous section.
The total power deposited at this poloidal location can be obtained simply
by integrating qto*"I over the minor radius. To get the total power deposited into
the edge region, Pt0t 1 , knowledge of the poloidal profile of gjI is necessary.
Assuming poloidal symmetry, the total power deposited on the electron side of
one limiter and ion side of the other limiter (see figure 3.1) could be expressed
as
Pt = J qtotl 27rr dr. (6.18)
sides Iligm
The total power deposited between 17.2 and 18.0 cm is approximately 120 kW.
Given that the spatial profiles of T, T,, and n, remain constant throughout the
edge region, we can obtain the total power deposited in the edge region, which
must be multiplied by 2 due to the presence of two sets of limiters. For the
data presented in the previous section, Ptoi ~ 3.6 MW. This is far greater than
the total ohmic power input, which is ~ 600 kW for these discharges.
In reality the assumption of poloidal symmetry is not valid. From the data
measured by a poloidal array of Langmuir probes8 , the edge region of Alcator C
is highly asymmetric in the poloidal direction. Furthermore, Janus is located at
or near the peak pressure position. Therefore, to obtain Pte., a poloidal proffile
factor is needed. For non-rf discharges, radiation power typically accounts for up
to 50% of the total ohmic power". To match the experimental results, a poloidal
peak to average factor of ~ 12 is needed to justify the Janus measurements. Keep
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Figure 6.8 Electron side and ion side q *"' as a function of the minor radius.
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in mind that these results assume the consistency of the radial temperature and
density profiles throughout the entire edge region.
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CHAPTER 7
Electron Side/Ion Side Asymmetries
The proof-of-principle experiment1 (see also section 3.2) used a simple RFEA
that was able to both rotate with respect to the toroidal field, _Bt, and move radi-
ally. During this experimental period, the Alcator C ran with a limiter radius of
16.5 cm and B was aligned antiparallel with respect to the plasma current, i.
This magnetic configuration is the normal operating configuration of Alcator C.
Since the RFEA measures parallel parameters, we expect maximum flux entering
through the slit when the probe is aligned parallel to the magnetic field. Experi-
mentally, this is indeed observed. As the probe is rotated away from the parallel
position, -the signal becomes weaker and eventually disappears below the noise
level at approximately 40* away from the parallel position. However, when the
probe is aligned parallel (ion side) and antiparallel (electron side) with respect
to I, we found large asymmetries favoring higher temperatures and densities on
the electron side.
Looking back at previous experiments conducted on Alcator C, we found
several results in support of the observed electron side/ion side asymmetries dur-
ing the proof-of-principle experiment. Figure 7.1 shows a sketch of the limiter
damage and redeposition pattern for a small (10 cm radius) ring limiter2. Con-
centrating on the damage pattern, we found that the primary damaged regions
are located at the inside-top region on surface facing the electron side and at the
inside-bottom region on the ion side surface. The damage was most likely caused
by thermal effects, such as evaporation (see Appendix A), indicating that the
edge plasmas surrounding these damaged regions are hotter and denser than the
plasmas at undamaged regions. Therefore, from the limiter damage pattern, we
conclude that there are some electron side/ion side parameter asymmetries. The
damage pattern supports the proof-of-principle experiment since the experiment
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was located at the top of Alcator C, where the limiter damage occurred on the
electron side.
Further supporting evidence came from a careful experimental study, con-
ducted by Hayzen and co-workers3 , of the Alcator C boundary plasma using
Langmuir and thermocouple probes located at various poloidal and toroidal po-
sitions. Among the probes were two sets of bi-directional thermocouple probes
located at the bottom sections of Alcator C. These probes are designed to mea-
sure the total thermal flux on both the electron side and ion side. In the normal
magnetic configuration, or when BV LP 4, Hayzen found that the ion side thermal
flux is larger than the electron side thermal flux. The ratio of ion side/electron
side thermal flux increases as the probe is pushed toward the limiter radius. Ex-
trapolating the ratio to the limiter radius, the ion side thermal heat flux would
greatly exceed the electron side flux, thus producing the preferential limiter dam-
age pattern previously discussed.
The Janus experiment is designed with two sets of edge diagnostics such
that both the ion side and electron side edge parameters can be monitored si-
multaneously. The Langmuir probe and the RFEA results for various operating
parameters have been presented in Chapter 5. Looking at the single shot data
presented in section 5.1, we found large asymmetries between the electron side
and ion side parameters. The single shot data use the "16.5 cm Top" con-
figuration (see section 5.2) while the probe is at a radial position of 17.8 cm.
Comparing the two sides, we found larger temperatures and densities on the
electron side. The two-sided ion and electron temperature ratios are about 2 to
3. The density ratio is - 5. We also found a greater floating potential (Langmuir
probe) and shift potential (RFEA) on the electron side.
Unfortunately there is no simple answer that can satisfactorily explain the
cause of this electron side/ion side asymmetry. This chapter focuses on the
two-sided asymmetry and attempts to come up with plausible scenarios that
might lead to the observed asymmetry. In the first section, operating parameters
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Figure 7.1 Limiter damage pattern for a 10 cm (radius) limiter operating in nor-
mal field configuration.
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that most strongly influence the asymmetry are extracted from Chapter 5 and
reiterated. Possible mechanisms that could drive the asymmetry are presented
in the following sections.
7.1 Effect of Operating Parameters on the Asymmetry
The data presented in Chapter 5 include detailed characterization of the
electron side and ion side edge plasma parameters as functions of various op-
erating parameters. In particular, there are several operating parameters which
have significant impact on the electron side/ion side asymmetry pattern, includ-
ing the radial position of the probe, the toroidal magnetic field magnitude and
direction, and plasma in-out positions.
The effect of Bt on the asymmetry was first observed by Hayzen3 . Focus-
ing on their bi-directional thermocouple probe located on the bottom region of
Alcator C, Hayzen found that by reversing the toroidal field direction, the asym-
metry pattern also reverses. In the normal field configuration, the probes on the
ion side detect stronger thermal heat flux, by factors of 2 ~ 3, than the electron
side probes. When the toroidal field direction is reversed, the electron side sig-
nals become stronger. The magnitude of the electron side/ion side thermal flux
ratio is dependent on both the poloidal position of the probe and the limiter
configuration. Hayzen found that the thermal flux peaks at approximately 0 to
5 degrees, with the magnetic axis defined as 00; 5* is toward the low field side of
the axis. The asymmetry is stronger near the axis than off axis. The asymmetry
is also stronger as the number of limiters in the machine is increased, despite the
fact that the heat flux is larger for fewer limiters. For a single poloidal limiter in
reverse field configuration, the magnitude of asymmetry is of order 1 2. The
asymmetry ratio grows to 2 ~ 7 as the number of limiters is doubled.
Most of the Alcator C discharges sampled by Janus employed the normal
field configuration. Only a few days of experiments were conducted in the reverse
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field configuration. Comparing these discharges with the normal field discharges,
the effect of the toroidal field configuration on the two-sided asymmetry is most
visible when a series of radial profile experiments was conducted in otherwise sim-
ilar discharge conditions. The parameter that is used to examine the asymmetry
is the ion satuation current, Ia, measured by the Langmuir probe when the
probe characteristic flatten out at large negative probe biases (see section 4.2).
Ila is a particularly desirable quantity since its measurement does not require
the application of any probe theories. If the Bohm Sheath Criterion is satis-
fied, then IP,, reflects both the density and temperature variations, although the
temperature dependence is only reflected in term of VT+ T (equation (4.16)).
Figure 7.2 plots the radial profiles of the IL, ratio, electron side/ion side,
for both normal (solid circle) and reverse (open triangle) field configuations.
These scans are done with 16.5 cm molybdenum ring limiters, at 8 tesla, with
peak plasma current of - 330 kA and peak line-averaged electron density of
~ 2 x 1014 cm-3 . Janus is inserted from the top of Alcator C. Far away from
the limiter radius, both ratios are of order 10. As Janus is pushed closer to
the limiter radius, the normal field ratio increases to a ratio of ~ 60 when the
probe edge approaches the limiter radius. For the reverse field configuration, the
pattern is reversed. As Janus approaches the limiter radius, the ratio of electron
side/ion side 1., starts to decline until eventually the ion side dominats. Keep
in mind that the ion side has a much shorter connection length to the nearest
limiter surface as compared with the electron side (see figure 3.1).
Varying the magnitude of Bt can also affect the electron side/ion side asym-
metry. This is evident from the data presented in figure 5.14. The two-sided
temperature asymmetry reduces as IBj is increased. The density asymmetry
does not vary as a function of IBtI, despite changes in the absolute magnitude
of the densities on both sides.
Another operating parameter that can strongly perturb the two-sided asym-
metry is the plasma position. Figure 7.3 plots the electron side/ion side I!,,
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T, and n, ratios for the data presented in figure 5.17. From figure 7.3, we see
that as the plasma position is shifted toward the inside (-), the electron side/ion
side ratio grows. As the plasma position starts to shift outward (+), the trend
reverses.
Other operating parameters also affect the asymmetry, but not as strongly
as R_ and the plasma positions. For operation in normal field configuration,
from section 5.2, we found that regardless of the limiter radius, both the electron
side/ion side temperature and density ratios always exceed 1.
The next two sections offer two possible mechanisms which may drive the
electron side/ion side asymmetry. Unless otherwise defined, the variables used
in this chapter follow the terminology of the previous chapters. Using the Janus
data in relation with other Alcator C measurements, we can examine the validity
of each mechanism in terms of the observed asymmetry ratios.
7.2 Flux Tube Model
As discussed in Chapter 2, the measured edge parameters are just reflec-
tions of the properties of the plasma residing in the flux tube connecting to the
diagnostic sensors. The flux tube is defined by tracing the magnetic field lines,
which intersect the diagnostic sensors, back into the plasma (see figure 2.5). The
measured parameters are strongly dependent on the flux tube geometry (figure
7.4(a)), which can be affected by plasma in-out positions (figure 7.4(b)). The
parameters also depend on on the transport processes along the entire length of
the flux tube. Therefore, if the transport mechanism and plasma parameters are
different for the electron side and ion side flux tubes, then the measured values
on the two sides will also be different (figure 7.4(c)). The fluz tube model uses
possible variations of the properties along the sampling flux tubes to develop
plausible explanations for the two-sided asymmetry.
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7.2.1 Connection Length Variation
One possible method to produce asymmetric diffusion in the two flux tubes
is to have different flux tube connection lengths. A unscaled artist's conception
of the geometric configuration of Janus is shown in figure 7.4(a). Regardless of
the poloidal location, Janus is always located at same toroidal location, with the
same limiter configuration. Therefore, the electron side and ion side flux tube
connection lengths, L11, always maintain the relationship of
L(e-side)/L I(i-side) ~ 2. (7.1)
Assuming that the spatial dependences of the parameters in the limiter shadow
follow exponential profiles, then the electron side/ion side ratio between a mea-
sured parameter, Q, on the two sides of the recessed (by A, ~ 0.5 cm) diagnostic
sensors, defined as Rl,/(e), can be represented by
Rqi(e) = e (7.2)_eC e-AP/,\
where A" and A' are the electron side and ion side scrape-off scale lengths, and
ee and ei are the magnitudes of the electron side and ion side parameters at
the edge of the probe housing. If the plasma parameters at the probe edge
are the same on both sides of Janus, then La ~ g'. As previously addressed
in Chapter 6, the temperature measurements are subjected to greater degree
of fluctuations due to the uncertainties in the transport mechanisms and the
degree of impact of the neutrals and impurities. Therefore radial dependences of
the temperatures are difficult to determine, and the plasma density, n,, or the
ion saturation current, 1, is used as the representative parameter since simple
and useful models of their behaviors can be more easily derived. The density
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scale length can be approximated by using the continuity equation assuming
insignificant particle sources
A ~.(7.3) f)C,
Combining equations (7.1)-(7.3), the electron side/ion side ratio is reduced to
,/;(n,) ~ exp 0.414 A, .-r (7.4)
In the absence of a momentum source, L11 can be approximated by half the
length between two connecting solid surfaces. M - 67 cm. Taking typical edge
plasma values of Ti ~ 25 eV, T. ~ 15 eV, Dj ~ 8000 cm 2 /s, and approximating
f(r) - 0.5, then R,/i(n,) - 1.65. Typical ratios of R.,/(n,) for the normal field,
top insertion configuration, range from 5 to 30, depending on the probe's minor
radial position. Therefore, based on the connection length difference to the next
limiter alone, the magnitude of the experimentally observed R./i(np) cannot be
justified.
By shifting the plasma positions, due to the change of relative positions
between the flux surface and limiter, the connecting length to different poloidal
locations of the edge region will also be different. If the outer flux surfaces are
shifted by sufficient displacements, then it is possible for field lines connection to
one side of the Janus diagnostics to escape the next connecting limiter surface
and must travel around the torus several times before rerconnecting onto another
solid surface. This is illustrated in figure 7.4(b).
Simplemindedly, the flux surfaces can be described by concentric circles
with centers shifted by the plasma position shift with respect to the limiter
center. By comparing the field line position on a flux surface with respect to
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the limiter position as field lines rotate poloidally, the number of turns each field
line will go around the torus before intersecting the limiter can be monitored.
The rotational transform can be made either clockwise or counterclockwise to
simulate the following of field lines parallel or antiparallel with respect to ,.
Therefore, we can examine the variation of the connection lengths for field lines
intersecting either the electron side or ion side of Janus as the plasma position
shifts.
For qi,,, = 3.6 and assuming an inward flux surface shift of 0.7 cm, figure
7.5 shows the poloidal variations of the connection length to an electron side
limiter surface and an ion side limiter surface. The solid circles trace out the
inner limiter boundary. Longer connection lengths are characterized by denser
and darker dots. Clearly large poloidal variations exist. On the electron side, the
connection length is longer on the upper-inside region, while on the ion side, the
longer connection length region resides on the lower-inside. Interestingly these
patterns correspond to the observed limiter damage patterns of figure 7.1.
Typically Janus operates at large minor radii such that the flux tubes con-
nect only to the next limiter surface. Although by shifting the flux surface
positions would change the connection length profile both poloidally and radi-
ally, impacting the plasma parameter magnitude as observed experimentally, the
shifts would not have major impact on the directional asymmetry. Experimen-
tally, the measured density ratios between the two sides vary from 10-20, and
the plasma positions are typically up-down and in-out symmetric.
7.2.2 Nonuniform Plasma Parameters Along Flux Tubes
Using a full poloidal array of 80 Langmuir probes at three different minor
radii (DENSEPACK), LaBombard 2 found strong poloidal asymmetries in the Al-
cator C edge region. The poloidal asymmetry is present throughout the entire
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Figure 7.5 Variations in the field line connection lengths intersecting the limiter
surfaces on the electron side and ion side. The flux surface is shifted
inward by 0.7 cm.
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discharge, at various operating conditions, despite intuitive belief in the pres-
ence of strong parallel field transport that should readily equilibrate parameters
along field lines. Variations of ~ 4 - 20 in plasma density, ~ 1 - 2 in Te, and
~ 3 - 8 in An are observed. Figure 7.6 shows the poloidal profiles of n, and
T. at minor radii of 16.8 cm, 17.2 cm, and 17.6 cm, and the fitted A. profile
from the n, measurements. The experiment is conducted with the normal field
configuration using 16.5 cm (radius) full-poloidal ring, molybdenum limiters. No
significant variation of the poloidal asymmetry pattern was observed for run-
ning with reverse field configuration as compared with running with normal'field
configuration4 .
DENSEPACK was installed at the same toroidal position as Janus. Unfor-
tunately there are no DENSEPACK probes located at the region occupied by
Janus, or 270* in the poloidal angle defined by figure 7.6, which is also the re-
gion where largest poloidal gradients for all edge parameters were observed. The
DENSEPACK Langmuir probes are small in dimension (- 1 mm), and do not
perturb the plasma to the degree of the Janus. Therefore the A, measurement
should not reflect change in the connection length, but rather change in the per-
pendicular diffusion coefficient, D±. The unperturbed (without Janus) e-folding
length is defined as A'. From equation (7.3), modified, or perturbed, e-folding
density scale lengths, defined as AP, can be inferred from the DENSEPACK mea-
surements by adjusting the connection lengths for each of the electron side and
ion side flux tubes. Therefore, A is given by
A' = A' L,,(Janus connection length)~ 75AP = lengt. (7.5)
" L11 (Total connection length)
From equation (7.1), we can then obtain
AP(e-side) = A;(e-side) and (7.6)
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Using the DENSEPACK results, we can now go back to our previous models
and determine the effect of a poloidally asymmetric edge plasma on the measured
parameters on both the electron and ion sides. Using the fitted Xn profile, we can
estimate averged A's for both the electron side and ion side flux tubes. From
figure 7.6, (Q\(e-side)) - 0.48 cm, and (Q\(i-side)) - 0.28 cm, where ( ) is an av-
eraged value over the entire sampling flux tube. Using equations (7.6) and (7.7),
(A(e-side)) ~ 0.39 cm, and (AP(i-side)) ~ 0.16 cm. Assuming that the densities
at the probe edge on both sides are appraximately the same, R,/;(n,) ~ 6.15
at the diagnostic sensors. However, DENSEPACK also measured large poloidal
density variations, suggesting that the densities feeding the electron side and
ion side flux tubes are different. Combined with the T, profile, DENSEPACK
measurements show that pressure is not constant along the flux surfaces in the
limiter shadow region where field lines do not reconnect. The density asymmetry
effect can be accounted for by using equation (2.79) to estimate the magnitude
of the densities at the sensors for different probe positions. Rewritting equation
(2.79), we get
ne's~r + ~~ np(riim) e-rp/(*'(e~i))] e-A,/(k~(ei)) (7.8)
where (e,i) denotes either the electron or ion side, r, is the probe edge position
in minor radius, and np(rum) is the plasma density at the limiter edge, ruim,
which can be extrapolated from the data presented in figure 7.6.
The inferred ne' values and thus the R./i(n,) values are strong functions
of r,. Since the A values differ, favoring higher perpendicular transport on the
electron side, then the density difference at the probe edge will increase as r, is
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increased. Using an averaged n, value at the limiter of 9 x 1013 Cm-3 on the
ion side and 6 x 1013 cm-' on the electron side, Rqi(n,) - 4 as the probe edge
is flush with the limiter. However, when r, = 1 cm into the limiteer shadow,
R./i(n,) - 18, which is much closer to the observed values. However, the model
breaks down for large minor radii since the electron side/ion side ratio of the []
term in equation (7.8) is limited to the range 0.5-2 due to parallel momentum
considerations.
The DENSEPACK results can also explain the different behavior of the
asymmetry for different magnetic field configurations. DENSEPACK measure-
ments indicate that the poloidal asymmetry is independent of the direction of
Bt. Therefore the perpendicular particle transport is much weaker (smaller A,,)
at the inner regions (high field side) of the torus as compared with the outer re-
gions. For the magnitude of A, measured, beginning at 3 mm into the scrape-off
region, the plasma density on the outer regions would exceed n, on the inside.
Since A, = 0.5 cm, from the point of view of the flux tubes connecting to
the Janus diagnostics, the outer portion of the torus is always a high density,
high perpendicular transport region and the inner portion a low density, low
perpendicular transport region.
Figure 7.7 shows a view from the top of the flux tubes connecting to the
Janus diagnostics for both the normal and reverse field configurations. Normally
the electron side flux tube intersects the outer regions of the torus or a region
with high edge density (for r, > 3 mm) and high perpendicular particle trans-
port. Therefore, in a normal field configuration, in addition to the favorable
connection length ratio, the electron side measurements should also dominate
over the ion side measurements due to favorable transport. When Bt, changes
direction, the direction of the flux tube also changes direction. Now the ion
side flux tube intersects the high density, high particle transport region. So
despite shorter connection length as compared with the electron side, the ion
side parameters eventually dominate over the electron side. This is observed
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experimentally.
A major problem with using variation of An's for different Janus flux tubes
is with the radial dependence of the asymmetry. Although the poloidally asym-
metric X, measurement indicates a high density, high perpendicular diffusion
region on the outer half (low field side) of the torus, which aids in the expla-
nation of the asymmetry, for both the normal and reverse field magnetic field
configurations, the radial profiles of the edge parameters as measured by Janus
suggest conflicting phenomena. If the perpendicular transport follows the sug-
gested behavior of equation (7.8), then with higher A, on the outside, the two-
sided asymmetry should become stronger at larger minor radii for the normal
field configuration, and weaker for the reverse field configuration. Looking at the
data presented in figure 7.2, the dependences of R& i(n,) as functions of both
the minor radius and B direction are opposite to the dependence inferred by
DENSEPACK. Although the interpretation of the radial profile measurements for
a large probe is unclear (see section 2.3), the inconsistency between the Janus
results and DENSEPACK results suggests the existence of other possible mech-
anisms that might drive the two-sided asymmetry.
7.3 Parallel Plasma Flow
Another possible mechanism that will produce the two-sided asymmetry
phenomenon observed by Janus is the existence of toroidal flow parallel to mag-
netic field lines (figure 7.4(d)). Parallel flow with flow velocity on the order of
sound speed has been observed experimentally"'6 . However, we must first eval-
uate the possible existence of parallel flow in the scrape-off region of Alcator
C. Experimentally, the limiter damage pattern shown in figure 7.1 suggests the
possible existence of parallel flow. The presence of parallel flow would add a
preferential momentum source which would produce asymmetric energy deposi-
tion onto the limiter surfaces. The damage pattern of figure 7.1 suggests that
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Limiter Limiter
there is flow toward the electron side at the top portion of the edge plasma, and
toward the ion side at the bottom.
In the edge region of Alcator C, two mechanisms that would drive paral-
lel flows appear most likely. The first mechanism is the effect of the plasma
presheath, which requires both the ions and electrons to flow together, reach-
ing the speed of sound at the sheath edge. This criterion, known as the Bohm
Sheath Criterion, is derived in Chapter 2. If there is no preferential momentum
source, then the flow will start at the midpoint between two connecting limiter
surfaces. For Janus (see figure 3.1), the parallel flow would then be toward the
electron side sensors.
If the plasma position is shifted such that the connection length between
the limiters changes, then the flow direction in relation with the Janus diagnostic
positions is no longer certain. The possible influence of the plasma in-out posi-
tions on Rl is demonstrated in figure 7.3. By shifting the position in and out,
a field line launched from one limiter surface might not intersect the next limiter
surface, causing the limiter surface to make an apparent "down" shift. There-
fore, depending on the "shifting" of the limiter positions relative to a field line,
the flow might be either toward or away from the electron side sensors. Figure
7.8 shows two conceptual Janus-limiter configurations that would influence the
flow directions. In figure 7.8(a), the limiter facing the electron side sensors is
downshifted, causing a flow toward the electron side of Janus. In figure 7.8(b),
the ion side limiter is downshifted. Now the flow is toward the ion side. The
effect of the parallel flow on the two-sided asymmetry will be derived later in
this section.
The second likely mechanism that might drive parallel flows is the tendency
of the plasma to reach an equilibrium along field lines. DENSEPACK measured
large parameter asymmetry in the poloidal direction.. Parallel flow could be
driven along the field lines inside the limiter radius. Such flow will attempt to
resymmetrize the asymmetry in the edge region and will carry the momentum
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source into the edge. Possible reasons behind the poloidal asymmetry are given
by LaBombard2 ,9 . By reversing the B, direction, the parallel flow also reverses.
Therefore, if the poloidal profile stays constant with respect to the B direction,
then the flow direction could be directly related to the direction of B, matching
our normal and reverse field observations. The flow direction is dependent on
the poloidal profile and should flow from high density regions toward low density
regions; for the Alcator C edge plasma, the high density regions are located at
the top and bottom regions of the machine. Unfortunately Janus is located at
a unknown region where the poloidal gradient is largest, thus producing a large
uncertainty in our hypothesis.
Chapter 2 presented a simple derivation of the momentum equation which
includes the contribution of momentum sources. The theory was first presented
by Stangeby'. From equation (2.40), the imposed criterion of sound speed flow
at the electron side and ion side surfaces of the probe would yield a difference
between the collected particle fluxes on both sides. Substituting in M = 1 and
M = -1 at the upstream and downstream probe surfaces, equation (2.40) is
reduced to
n,(upstream) 2 - M(
n,(downstream) 2 + Mo'
where MO is the initial particle velocity, divided by the sound speed, when it
enters the flux tube. If sonic flow at the edge region is observed, then equation
(7.9) can also describe the ratio of the total ion flux between the two sides if
Ti and T are the same on both sides. Substituting in MO = -0.5, or an initial
flow at half the sound speed from the upstream side, then
I!.,(upstream) n,(upstream) = (7.10)
I.,(downstream) n,(downstream) 3(
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Therefore, the upstream side, which faces into the flow, would expect a larger
particle flux as compared with the downstream side.
The Stangeby Flow Model encounters some problems if MO > 1. Looking
at equation (2.41), for downstream flow, the denominator will pass through a
singularity as M passes through the value of -1. Furthermore, the two-sided ratio
will approach oo as the initial velocity reaches twice the sonic speed. Assuming
that only subsonic flows are possible, then the maximum two-sided ratio one
can obtain using Stangeby's fluid model is 3. Experimentally It and n, ratios
between the electron and ion sides typically exceed 10 throughout all radii in
the scrape-off layer. Therefore, we could not explain the observed side-to-side
asymmetry by using this fluid model with sonic flow.
Harbour and Proudfoot' revised the Stangeby model and obtained a two-
sided ratio for MO > 1. In their model the value of M at the probe surface
is at sound speed if MO 5 1 and M(edge) = Mo for Mo > 1. Assuming that
the temperatures on both sides are equal, or neglecting the variation of C, in
calculating the collected ion flux (see equation (4.16)), then equation (7.9) is
modified to
-2 -MoR 2 + Mo, for M < 1, and (7.11)
R = Mo (2 + Mo), for Mo > 1. (7.12)
Rf is the ratio of the collected upstream and downstream ion fluxes using the
modified fluid model.
Assuming that the ion velocity distribution function is a Maxwellian with
a superimposed drift, then the current density of ions with velocities greater
(upstream flow) and less (downstream flow) than 0 can be calculated kinetically.
A simplistic model was proposed by Harbour and Proudfoot'. The ratio between
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the current density of upstream and downstream sides, R', using this particle
model, can be derived and compared with the fluid model. Figure 7.9 plots the
functions R! and RP,, as derived by Harbour and Proudfoot, versus M. For
a typically observed Rl, ratio of 30, the fluid model predicts a Mach number
of ~ 5 and the particle model predicts M ~ 1. A large discrepancy between
the two models exists. Both models have their own flaws and more theoretical
modelling is required before the actual impact of the existence of parallel flow
on the edge plasma parameters can be properly assessed. However, this exercise
points out the possible impact of a parallel flow on the two-sided asymmetry.
A major constraint of both the particle and fluid models, however, is that
the probe dimension must be small enough that the probe is a unperturbing
probe. Unfortunately Janus is a large, perturbing probe which violates the as-
sumptions of both models. A further complication in the determination of the
influence of parallel flow on the observed two-sided asymmetry arises from the ob-
servation of Proudfoot and co-workers". Using a semi-poloidal array of scannable,
bi-directional Langmuir probes on DITE, they found poloidal and radial varia-
tions in the parallel flow velocities. The Mach number decreases as the minor
radius decreases, corresponding to the increase in connection length between the
limiters, and also to possible increase of recycling at the limiter surface. They
also found greater M at the lower-outside region of DITE, but that variation
can be attributed to the variation of connection length at different poloidal loca-
tions. If strong radial and poloidal variations of M exist in the scrape-off region
of Alcator C, then all the measured edge parameters would depend on the local
flow velocity. Furthermore, the transport mechanisms at the edge region would
also be affected. A gradient in the parallel flow velocity can also give rise to
nonnegligible viscosity terms in the energy equation which we ignored in the
derivation of the 1-D edge plasma model presented in Chapter 2.
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CHAPTER 8
Calorimeter Data and Analysis
An important consideration in designing any edge component for a fusion
device is the amount of incident heat flux that will strike the surface. The extent
of the material damage depends on both the magnitude of the heat flux and the
material's thermal properties. (Appendix A describes the possible plasma-surface
interaction mechanisms in the edge region of a fusion device.) Therefore, to
design an edge component it is important to predict the kind of environment the
component must withstand. Although we can measure the heat flux on existing
devices 1 7 , it is necessary to understand the importance of various contributing
terms that form the total heat flux.
This chapter is devoted to the analysis of calorimeter data. The next section
(8.1) presents a brief introduction to the sheath transmission coefficient. Section
8.2 includes the presentation of some calorimeter data and the analysis of the
data with the good of further understanding the heat flux.
8.1 Sheath Transmission Coefficient
A simple, heuristic derivation of the total parallel heat flux, qt"l is derived
in Chapter 2. Using a detailed kinetic model", qt*OtG to a floating surface can
be estimated. This is given by equation (2.57), which states
total = (2 IAur + -,) kT n, C. f(r), (8.1)
where r = TI/T. f(r) is a density reduction factor ranging from 0.487 to 0.798
for TI/T, values from 0 to oo. The 2pEr factor represents the contribution
from the ion thermal energy. us is an enhancement of the energy flux over
226
ions possessing a half-space Maxwellian at the sheath edge. For T/T, > 1,
s --+ 1. y. is given by equation (6.17). It represents the electron contributions
which include both the electron thermal energy and the sheath potential, V,s,..
From equation (8.1) we can define a total sheath transmission coefficient9 , Ytota1,
such that
2 eIV~h,.ih|
7.tal = 2 As r + + . (8.2)1 - V. k T
v, is the secondary electron emission coefficient. Physically the quantity -y7tokT,
can be defined as the total amount of energy deposited onto the incident material
by an ion-electron pair. Stangeby has proposed further refinement to the -YtotaL
value which includes the backscattering of ion and electron energies and particles,
presheath adjustments, and atomic physics effects.
To predict the amount of heat flux incident to an edge component, knowl-
edge of -ytt.l as a function of the edge parameter is necessary. Then, given the
parameters T, T, and n,, 11 can be predicted. It is also possible to control
the edge parameters by using different operating conditions. For example, the
attainment of H-Mode would significantly alter the edge conditions".
8.2 Data and Analysis
The measurement of the parallel heat flux is typically achieved by using a
calorimeter, which measures the incremental temperature due to the deposition
of plasma energy onto a calorimeter plate. The calorimeter must withstand high
heat loads while maintaining a fast thermal response time. The design and
analysis techniques of the calorimeter used on Janus were previously described
in Chapters 3 and 4 respectively. Curiously, the Janus calorimeter performed
sporadically. It is likely that the weld between the tungsten calorimeter plate
and the chromel-alumel thermocouple did not hold up. The measurement is also
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plagued by electrical pickup noise, especially during ohmic and toroidal field
ramp-up and ramp-down periods. Only the discharges during the early life time
of Janus yielded satisfactory calorimeter results. The presentation in this section
is limited to these discharges.
The deduction of ytot.1 using equation (8.2) requires a knowledge of the
edge densities and T, T. Previous experiments 1 4 used a third lead on the
calorimeter to bias the calorimeter like a Langmuir probe. Therefore, by pre-
dicting the value of 'ytet.1, it is possible to deduce the ion temperature given
the knowledge of gt*l from the calorimeter, and n, and T from the Langmuir
probe. For Janus, T is provided by the RFEA while the Langmuir probe mea-
sures T. and n,. Therefore, we can measure Ytt. directly by combining the
results of all three diagnostics of Janus. Furthermore, the Langmuir probe also
measures the ion saturation current, Ijt. In actuality the ion saturation current
can be related to the total ion flux that will impact the Langmuir probe surface.
Using this fact and equation (8.1), the total sheath transmission coefficient is
appraximately equal to
Ntotal = qI Te , (8.3)
where Al, is the Langmuir probe area. Substituting in the Janus geometries,
equation (8.3) can be rewritten as
total
YtoteL = 5.07 x 10-2 ,11  (8.4)Ilia T
where qt*** is in W/cm2 , I is in amperes, and T is in eV.
Figure 8.1 plots the core plasma parameters, I, and t., for a discharge
during the "operating" period of the calorimeter. This shot used hydrogen fuel,
and was run at 8.2 tesla normal toroidal field. Janus (RFEA slit) is located at
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17.5 cm in minor radius, ~ 1 cm into the limiter shadow. Only the electron side
calorimeter data are presented here since the ion side calorimeter detected no
significant temperature rise beyond the noise level. The temperature evolution of
the electron side calorimeter plate, as measured by the thermocouple at the back
of the plate, is shown in figure 8.2. Initially the plate temperature, T,, stays
relatively constant, near the initial plate temperature. Then the temperature
rises sharply during the flattop period (~ 220 - 510 ms) of the discharge, and
finally levels off at the end of the discharge (> 510 ms).
Figure 8.3 shows the three main heat flux components on the electron side
(see equation (4.22)). During the flattop period, energy radiating and conducting
away from the calorimeter plate is negligible compared with the parallel plasma
heat flux. The measurement of the total parallel heat flux is proportional to the
time rate of change of the calorimeter plate temperature, or d72/dt. Looking
at the temperature profile of figure 8.2, we see that dT/dt fluctuates wildly
throughout the shot. Therefore, heavy numerical smoothing is required before
q"otal can be obtained. This calculation also assumes that 50% of all the incident
energy is backscattered.
To deduce the -ftytot value, we need to know the relevant edge parameters.
Figure 8.4 plots the time histories of T, T,, n,, IPt, and Vhfgt using the RFEA
and Langmuir probe measurements. Averaging the parameters during flattop, we
found (T,) ~ 17.3 eV, (T) ~ 24.3 eV, (n,) ~ 3.33 x 1013 CM-3, (Iit) ~ 0.951
A, and (9,1 *) ~ 816 W/cm2 . Plugging these values into equation (8.4), 7y,.t ~
2.51. Using equation (8.1), or modelling the flow to the Langmuir probe by sound
speed, ytt. ~ 2.87. Both values are far lower than any theoretically predicted
value of Ytotal, which typically ranges from 6 to 10. Using the averaged edge
values during flattop, using Vhif to replace Vh..th, and assuming v, ~ 0.3,
then from equation (8.2), yt..a 6.97, which is greater than the measured value
by a factor of ~ 2.5 - 3.0.
Few measurements of 7tat.' in the edge region of tokamaks have been
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Figure 8.1 1. and fi, for a discharge used in obtaining the calorimeter data.
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attempted. On Macrotor7 , without any limiters, large asymmetric heat fluxes,
favoring the electron side over the ion side, were observed. Adding limiters or
adding a small scraper plate at the tip of the heat flux probe would restore
the symmetry. It is believed that the principal cause of this asymmetry is the
presence of high energy electron tails. Without limiters or scrapers, YtotaL ~ 25
is deduced. On DIVA', large heat fluxes were also observed. Once again, a high
energy electron tail, and thus a two-component electron distribution function,
was judged as the primary mechanism.
The JFT-2 experiment" measured toroidal and radial variations of yi 0 t~1.
On the ion side near a rail limiter, t.ot. varies from ~ 7 at the limiter radius to
~ 3.5 at 7 cm into the limiter shadow. 180* away toroidally, the heat flux and
-ytotGL are both much larger than the other location. -y7t.1 ~ 14 at the limiter
radius and decreases to - 5 at 1 cm behind the limiter. 0.5 cm beyond the
limiter, -yf, - 20 was measured. The Janus measurement presented here is for
a probe location at 1 cm into the limiter shadow.
The large discrepancy between the measured and predicted values of ^ttotal
needs explanation. The first and most likely possibility is due to some error
during either the measurement or the analysis. In view of the trouble we had
with the calorimeter in the later period of the experiment, the integrity of the
thermocouple junction at the calorimeter plate is a major question mark. In
addition, the induced emf for a chromel-alumel thermocouple is of the order of 10
mV. The experimental measurements of the floating potential at the calorimeter
plate are of the order of volts. Therefore, it is difficult to achieve high accuracy
without extraordinarily high common mode rejection ratios for the operational
amplifier. For the Janus design this is about 80.
The biggest uncertainty in the analysis of the calorimeter data is the value
of the particle and energy reflection coefficients, which are a function of the
particle energetics, the material properties and the averaged incident angle of
the particles12-1 4 . An overall energy reflection coefficient of 0.5 for tungsten is
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used for the analysis. This coefficient accounts for both fractions of the ion and
electron energies backscattered away from the material surface. The energy re-
flection coefficient is a difficult parameter to quantify. Few, if any, experiemental
measurements have been performed to determine the coefficient. Most of the
low energy data are obtained using computational models. For normal incident
deuterons on tungsten, the projected energy reflection coefficient is approximately
0.613. The electron energy reflection coefficient is typically smaller than the ion
energy reflection coefficient1 ". If the energy reflection coefficient is larger than
expected, then the measured q'0 1 would also increase. To justify our discrep-
ancy, the energy reflection coefficient needs to be ~ 0.8.
The calorimeter plate is also subjected to metallic deposition from the
plasma, where the principal metallic impurities are molybdenum (limiter) and
iron (vacuum vessel). Due to these coating, it is likely that the reflection co-
efficient should also be affected. It is also assumed that the deposition neither
affects the thermal properties of the calorimeter plate nor does it cause signifi-
cant increase in the plate mass. Both effects would change the analyisis, resulting
in greater gq*1 *'.
The energy reflection coefficient is also dependent on the incident angle of
the incident particle. In a magnetized plasma the charged particles, on aver-
age, can strike the material surface at an oblique angle despite normal align-
ment of the surface with respect to the magnetic field and the presence of the
sheath potential1 4 . For a normal alignment of the material surface with re-
spect to B, and assuming Maxwellian distributed ions drifting to the sound
speed at the sheath edge followed by acceleration toward the wall potential at
V~1,.e = -2.5 T., the averaged incident angle is ~ 20*, where 0* is defined as
normal incidence to the material surface. For Ti ~ 20 eV, the particle reflection
coefficient is increased by - 20% for 20* incidence as compared with normal
incidence. The energy reflection coefficient scales roughly as a fraction of the
particle reflection coefficient plus a constant. Therefore, it is possible that the
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increase in energy reflection coefficient due to the change of incident angle could
also account, in part, for the low measured value of -, .
One possible explanation of the low -tt.t.j value, of course, is due to in-
correct theory. From Chapter 6, we found that in order to balance the parallel
loss terms, which couple the data with theoretical formulations, it is necessary
to have anomalously large perpendicular convection and conduction sources. A
x±/Di ratio exceeding 1 is always necessary to arrive at proper ion and electron
energy balances using the model derived in Chapter 2. If -ytot. is actually lower
than the theoretically predicted value, than the parallel convection term will also
be reduced, thus lowering the necessary Xi/D± ratio for the electron and ion
energy balances.
Further uncertainties could arise if parallel flows are present. Poloidal and
radial variations of the parallel flow have been observed on DITE". The influ-
ence of parallel flow on the formulation of the sheath transmission coefficient is
unknown. Possible impact of the parallel flow at the edge region of Alcator C
is presented in Chapters 6 and 7.
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CHAPTER 9
Effect of ICRF Heating on the Edge Plasma
In Chapters 5-8 we presented a detailed experimental investigation of the
edge ion and electron parameters on Alcator C. We found that ions and elec-
trons are energetically decoupled, and anomalously large perpendicular transport
mechanisms are necessary to balance the parallel losses to the limiters. We also
found parameter asymmetry between the electron and ion sides of Janus, which
may be caused by a combination of different processes, including variations of
the transport behaviors at the connecting flux tubes and the possible existence
of parallel toroidal flow. Combining all three Janus diagnostics, we measured
much smaller sheath transmission coefficients than predicted theoretically.
The ultimate purpose of this thesis is to perform a detailed study of the
Alcator C edge plasma such that the effect of various plasma-surface inter-
actions can be better understood. The impurity release mechanisms are di-
rectly connected to the adjacent edge plasma parametersI which can be moni-
tored using Janus. Coupling the Janus measurements with various spectroscopic
measurements2, 3 on Alcator C, we can attempt to correlate the behaviors of
various impurity species with possible impurity release mechanisms and isolate
the dominant mechanisms. Using simple Langmuir probes, studies of impurity
generation mechanisms in association with rf heating have been performed, both
on Alcator C,' and on various other tokamaks'-". In this chapter, we will
investigate the relations between the change of edge parameters with the spec-
troscopically observed change in the impurity concentrations, both before and
during ICRF fast wave" and Bernstein wave1 5 experiments.
For both ICRF experiments, the Alcator C limiter configuration consists of
two sets of full poloidal ring limiters made of molybdenum. A limiter radius
of 12.5 cm was used for both the Bernstein wave and fast wave antennae. In
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addition, sets of smaller limiters with 11.5 cm radii were used for the fast wave
experiment. At 18.0 cm in the minor radius, there are four sets of virtual limiters
located at every port. The vacuum chamber has a minor radius of 19.2 cm. Both
the vacuum chamber and the virtual limiters are made of stainless steel. Figure
9.1 presents a view from the top of Alcator C, showing the locations of limiters,
the grazing incidence VUV spectrograph, ICRF antennae, and Janus.
The fast wave antenna is a half loop antenna located at the same toroidal
position as Janus. Janus is always located at the top of Alcator C during the fast
wave experiments. Figure 9.2 shows an exploded view of the fast wave antenna.
The outer Faraday shield is made of stainless steel. When the smaller limiter was
used, the alumina insulators were removed and the outer Faraday shields were
coated with molybdenum. Previous experiment using pure molybdenum Faraday
shieids was not successful due to embrittlement of the molybdenum shield"6 . The
tip of the Faraday shield is located at ~13.0 cm.
The Bernstein wave antenna is appraximately a quarter loop antenna in-
serted from the side of Alcator C. Figure 9.3 shows an exploded view of the
Bernstein wave antenna. Once again the Faraday shields are made of stainless
steel. During the tenure of Janus, the alumina insulators were removed. The
antenna can be moved in the radial direction to adjust the coupling of RF fields
and plasma. Typically the tip of the Bernstein wave antenna is located ~ 0.5
cm into the shadow of the limiter. When the Bernstein wave antenna is on the
machine, Janus is also positioned at the side, 180* away toroidally.
The first section of this chapter focuses on the observation of the impurity
behavior during both ICRF experiments. Section 9.2 presents the Janus data
during the ICRF experiments, for various operating conditions. Correlation of the
edge parameter variations with possible impurity release mechanisms is presented
in section 9.3.
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Figure 9.1 A top view of Alcator C showing the toroidal positions of the molybde-
num limiters, the VUV spectrograph, the ICRF antennae, and Janus.
240
ALUMINA
1 STAINLESS STEEL
ALUMINA
SILVER PLATEDSLS
1.- OUTER FARADAY SHIELD
2.- INNER FARADAY SHIELD
3.- CERAMIC INSULATOR
4.- CENTER CONDUCTOR STAINLESS STEEL
5.- RETURN CONDUCTOR
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9.1 Impurity Behaviors During ICRF Experiments
The measurement of the behavior of impurities is achieved using a 2.2 meter
grazing incidence time-resolving vacuum ultra-violet (VUV) spectrograph, which
monitors impurity line radiation4 . The VUV spectrograph has a spectral range
of 20-1160 A, and is capable of simultaneously covering ~ 20 A when centered
at 30 A and - 100 A when centered at 1100 A. For the ICRF experiments here,
the operating range of the VUV spectrograph ranges from 328 - 373 A, which
includes an iron line at ~ 335 A and a molybdenum line at ~ 341 A.
For a high power (- 450 kW) fast wave heating discharge and 11.5 cm
limiters, figure 9.4 plots the time and spectral dependent brightness profile. For
this discharge, the plasma parameters are I, ~ 217 kA, fi, ~ 2.5x 1014 cm- 3 . The
toroidal field current is set at 97 kA, or ~ 7.3 tesla, which places the resonance
layer at ~ 5.5 cm toward the high field side. The ICRF is on from 185-280 ms
after the plasma commutation. During this time, the brightness of the impurity
line radiation increased dramatically. Figure 9.5 shows the time histories of the
brightness of both the iron and molybdenum lines. When the ICRF is turned
on, the magnitudes of the brightness for both lines increased significantly. The
brightness of the iron line increased by a factor of - 5 and the molybdenum
line increased by a factor of ~ 7. Keep in mind that for this specific discharge,
the outer Faraday shield is coated with molybdenum. The only source of iron is
either from the inner Faraday shield, the wall, or possibly from the loss of the
molybdenum coating at the outer Faraday shield. The iron densities increase by
factors of 10 to 20 during previous experiments using uncoated Faraday shields
while the molybdenum density increase stays roughly constant regardless of the
Faraday shield condition' 7 "5 .
The change in the impurity brightness during ICRF need further analysis.
Clearly, the plasma-surface interaction mechanisms are changed when the ICRF
is turned on. More interestingly, we found a large increase in the iron brightness.
Further examination of the geometrical configuration of the fast wave experiment
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Figure 9.4 Time and spectral profiles of the brightness of the impurity line radi-
ation.
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indicates that the stainless steel Faraday shield must be a major contributor of
the impurities. The next closest stainless steel structures are the virtual limiters,
which are ~ 5 cm behind the ICRF antenna. In addition, the proportionally
larger iron brightness increase as compared with molybdenum, despite the rela-
tively smaller exposed area of Faraday shield to the total limiter surface area,
points out the possibility of preferential impurity releases at the Faraday shield.
During the previous ICRF experiment" similiar impurity behavior was also ob-
served, indicating that the Faraday shield was a primary source of impurities
during ICRF3 .
One interesting behavior of the impurity time history is the reduction of
the initial levels of impurity brightness during an intermittent rf discharge where
the antenna faulted for a short period of time during the pulse. The impurity
radiation level jumps back up when the rf is restored.
Unfortunately the spectrograph did not monitor all of the Bernstein wave
and fast wave experiments. Of those shots monitored, the impurity line radiation
always increased dramatically during ICRF. The behaviors match those presented
in figures 9.4-9.5, although the absolute magnitude of the brightness increase may
vary. Previous experiments' also point out that the change in the magnitude
of the iron brightness increases as the ICRF power level is increased. No such
systematic study of the impurity concentration was performed for the more recent
ICRF experiments. However, for the 11.5 cm limiter fast wave experiment, there
is supporting evidence of larger iron brightness increase in comparison with the
molybdenum brightness when the amount of ICRF power is increased1".
9.2 Effect of ICRF on the Edge Plasma Parameters
To investigate the cause of increasing impurity concentrations during ICRF,
it is necessary to know the behavior of the edge plasma near the antennae and
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limiters. This section presents a systematic study of the edge plasma parame-
ters using Janus for both the fast wave and Bernstein wave experiments. The
most thorough study was conducted for the fast wave experiment using 11.5 cm
limiters. This set of data is presented in the first subsection. A study of the
fast wave experiment with 12.5 cm limiters is presented in the second subsec-
tion, while the Bernstein wave experiment is presented in the third subsection.
The implication of the effects of these parameter changes during ICRF will be
discussed in more detail in section 3 of this chapter.
9.2.1 The Fast Wave Experiment with 11.5 cm Limiters
For this set of experiments the radii of the molybdenum limiters are reduced
to 11.5 cm. The tip of the stainless steel Faraday shield is located at ~ 13 cm,
1.5 cm in back of the limiter edge. Since the only operating limitation of Janus is
the relative position of the probe edge and the limiter edge, Janus can now scan
across the fast wave antenna and investigate the plasma conditions between the
antenna and the limiter edge. For the sake of convenience, the region between
the antenna and the limiter (11.5 < r < 13.0 cm) is herein defined as the limiter
zone, and the region starting at the Faraday shield (r > 13.0 cm) is defined as
the antenna zone.
Edge Parameter Variations
Plotted in figure 9.6 are time histories of T, T,, n,, and V1 10., on both
the electron and ion sides, for Janus located at 12.6 cm. Keep in mind that the
Janus position is defined as the minor radial position of the RFEA slit, and the
data acquisition system for Janus is turned on 30 ms before plasma commutation.
For figure 9.6, the rf is on from ~ 210 - 310 ms. For this discharge, - 460 kW
of rf power is injected into the plasma. During ICRF, both the electron side and
ion side T. rise sharply. Electron side T, increases by ~ 15 eV, and ion side T.
increases by ~ 35 eV. Due to limitations of the power supply, which can provide
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up to ±90 volts, T. exceeding 40-50 eV is difficult to resolve. T on the ion side
increases by ~ 30 eV while the electron side T, on average, shows no apparent
increase. The T measurements are highly uncertain since the RFEA has been
operating for an extended period of time without any mesh change. Therefore,
for this and other ICRF results, T results are not emphasized. The behaviors of
T, however, matches the Langmuir probe T. behaviors. No significant density
variations during ICRF are seen, althought for this discharge n, on both sides
drop slightly after the antenna is turned off. This is not typically observed. The
floating potential changes drastically during ICRF. Although the electron side
Vf exhibits no major variation, the ion side V110. jumps up by ~ 15 volts
during ICRF.
The edge parameters returned to approximately the pre-rf values imme-
diately (within one Janus sweep period, ~ 5 ms) after the termination of rf.
This drastic change of the edge parameters is also noticed during intermittent rf
pulses, when the rf faults for a short period of time during the pulse. The edge
parameters recover as the rf is restored. The time behavior of the edge param-
eters is exactly the same as that exhibited by the impurity radiation measured
by the VUV spectrograph.
Using the database code mentioned in Chapter 5, we can monitor the edge
plasma variations for various operating parameters both when the ICRF is turned
on and when it is off. For constant rf power of 95 kW, figure 9.7 plots the
electron side (circles) and ion side (triangles) radial profiles of Ti, T, n,, and
Vy I.. during ICRF (solid symbols) and without ICRF (open symbols). For this
set of discharges, A, ~ 2.7 x 104 cm- 3 , I, ~ 247 kA, the fuel is hydrogen, and
the toroidal field is set up such that the cyclotron resonance layer for second
harmonic hydrogen is - 5.5 cm toward the high field side.
- The most interesting observation is the T. profile. Previous radial scans
without ICRF have always shown that the T, radial profiles either decay or stay
roughly constant for increasing minor radius; thus the source of edge energy
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Figure 9.6 Time histories of T, T, n,, and Vfye., on both the electron and ion
sides, for an ICRF fast wave experiment.
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is predominantly due to perpendicular convection and conduction from the bulk
plasma. However, when the rf is turned on, figure 9.7 shows increasing T and T
on both the electron and ion sides in the antenna zone. In the limiter zone, the
temperature profiles still resembles the pre-rf profiles, although the magnitudes
of both T and T. are increased when the rf is turned on. These temperature
behaviors indicate a localized energy source in the antenna zone. The mechanism
behind the coupling mechanism between the edge plasma and the antenna rf field
is unknown. Possible edge heating mechanisms include coupling to the slow wave
at the edge region', damping of coaxial modes or surface waves20 , or absorption
at the lower hybrid resonance layer. The temperature increase in the limiter zone
could be due to increased perpendicular transport from either the bulk plasma
or the plasma in the antenna zone.
When the ICRF is turned on, the densities on both the electron and ion
sides drop. No noticeable plasma position shifts were observed corresponding to
these density reductions. Other experiments have observed edge density increases
corresponding to rio. The density increase is attributed to increasing desorption
processes due to hotter plasma and material surface. The scrape-off lengths in
the limiter zone are not strongly affected by the rf. On the electron side, n, still
decreases in the antenna zone during rf. However, on the ion side, increasing n,
is observed during rf, indicating a localized particle source in the antenna zone.
The particle source, S,, could be caused by either increasing desorption or
neutral ionization as the result of a hotter edge plasma. For ionization processes
S, is defined by equation (2.24), which states
S = n, n 1 ( o);,,i , (9.1)
where n,, is the neutral density. For electron impact ionization of atomic hy-
drogen, (o v)H,,j can be appraximated by equation (B.9). Using T ~ 10 eV
for the no-rf case, (c v);.j, ~ 3.6 x 10-9 cm 3 /s. During rf, T ~ 35 eV, and
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(a v);,,;, ~ 1.6 x 10-s cm3 /s. The relative importance of the ionization source in
balancing the edge particles with the parallel losses can be expressed by equation
(2.32):
fL() C, n- (V)i . (9.2)
L11
The two competing variables for edge particle balance are C. and (o v);,; C,
is proportional to v/Ti J+T, which would yield a no-rf to RF ratio of ~ 2 while
a (O V);,ni, variation of a factor of ~ 4 is reached earlier. Therefore, if the edge
neutral density stays constant throughout the entire discharge, then it is possible
that ionization could play an important role in the edge particle balance during
rf.
The floating potentials are not strongly perturbed during rf until the probe
approaches the antenna zone. Before the onset of rf, ion side and electron side
Vf ,.: are both slightly negative with respect to the probe ground. In the an-
tenna zone, during rf, the ion side Vp I..t increases while the electron side Vg,0.s
decreases, thus setting up a large potential difference between the two sides.
Fixing the toroidal field constant so the resonance layer stays fixed, and
increasing the total rf power to ~ 460 kW, figure 9.8 plots the same set of
edge parameters as figure 9.7. The averaged central parameters are reduced
slightly, ft, ~ 2.3 x 1014 cm-" and I ~ 217 kA, but the initial edge parameters
(before rf) stay approaximately the same as for the low power case. The edge
region behavior for these high power discharges is very different as compared
to behavior for low power discharges. The temperature profiles no longer show
the bump in the antenna zone. Now the temperature profiles are nearly flat
during rf. The previously observed hollow profile in the limiter zone near the
antenna edge is filled up as the amount of rf power is increased. A T increase
of ~ 10 - 20 eV is observed on the ion side. The electron side T. increase is
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most dramatic in the antenna zone. Near the limiter radius (r ~ 12.0 cm), no
T. variation is observed when the rf is turned on.
A flattening of the density profiles on both the electron and ion sides is now
observed. n, still drops slightly near the limiter radius. However, from r > 12.6
cm onward, the electron side and ion side plasma densities during rf both exceed
the pre-rf values. The density increase is more pronounced in the antenna region.
A large variation in the floating potential is once again observed. During rf, the
potential difference is smallest near the limiter radius. As r is increased, the
ion side Vfp..t remains very positive with respect to the probe ground while the
electron side V..t decreases until flattening out at -15 volts in the antenna
zone.
Keeping the operating parameters at roughly the same values, a toroidal
magnetic field scan was performed. By increasing the toroidal field strength, the
cyclotron resonance layer will be shifted from the high field side toward the low
field side. Resonance layer positions at 2.6 cm, 5.5 cm, and 8.4 cm away from
the magnetic axis, toward the high field side, are used in the field scan. Fixing
the total injected power at - 400 - 460 kW, no apparent difference in the edge
parameters was observed. The radial parameter profiles all resemble the data
presented in figure 9.8. If the operating parameters are held fixed, it appears
that the dominant criterion in edge parameter variations is the total amount of
ICRF power injected.
Focusing on the parameter change during ICRF, figure 9.9 shows the change
of T, and n, during and before the firing of ICRF antenna as a function of the
injected ICRF power. The change in T. is defined as AT,, or the difference
between the averaged T during and before ICRF. The density variation is ex-
pressed by the ratio of the change of n, over the measured density before ICRF:
An, - (n,(no rf)) - (n(rf)) (3)
n, ~ (n,(no rf))(
253
6o a ON
.EEII I p iu
in
- 4 0e 4
a 4
(O N -
(Ae) .
0
.i , Iu, l f .. iniS I , n Mll
0 4
S 4-
040
0 0Go o
- ~ 00 04
( 4
I,-
I C
N
U
0
0 42
0 4
044 0
44 04
0040
4 04 0
4
4 0 04
40 4
aI %
(s1IoA) 10011A
N
4
U
a
U
N
N
N
i1 -
a
(3
04 04 4 0
0 a
0 4 40 0
4M a o 4
40 0 4
40 0 4
0 0 01
(O N 1
(As) .1
N
4.
4.
a
if,
S
N
N
N
U
in -
Figure 9.8 Radial profiles of T, T., n,, and VpI..t on the electron and ion sides,
both with (460 kW) and without ICRF.
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The power scan presented in figure 9.9 is conducted with Janus located at
12.8 cm, 2 mm beyond the tip of the Faraday shield. It is at this position that
the edge varies most as a function of input power. From figure 9.9, we found
that the ion side T increase is much greater than the corresponding electron
side increase. A significant ion side T, increase of ~ 20 eV is observed even at
~ 200 kW. Although large AT scatterings are observed, there is a general trend
toward greater AT, at higher injected power.
From equation (9.3), positive (An,)/n, indicates decreasing density during
ICRF as compared with the pre-rf status. At low input power, there is a trend
toward increasing (An,)/n, as a function of rf power. However, this trend starts
to reverse itself near 300 kW. At high power levels, (An,)/n, becomes negative.
The relative change of density is more pronounced on the electron side at low
powers, and more pronounced on the ion side at high powers. This observation
is consistent with the radial profiles presented in figures 9.7 and 9.8. At a low
rf power of 95 kW, the densities in the limiter zone drop during rf. However, at
high power (460 kW), the densities at positions close to the antenna zone also
increase. This could be caused by diffusion of particles from the antenna zone
into the limiter zone, or by increased particle source at these regions.
Energy Accounting
Assuming that the loss mechanisms in the edge region are dominated by
the parallel convective flow to the limiters, we can attempt a simple analysis of
energy accounting, similiar to the analysis conducted in section 6.4 above. The
object of this exercise is to determine the amount of ICRF power deposited in
the edge region and is not a proper analysis of the global energy balance.
The total (ions plus electrons) parallel loss, q **t, can be expressed by
equation (2.57), which states
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The terminology and typical values have all been given in Chapter 6. As pre-
viously discussed, y. includes both the electron thermal energy and the sheath
potential contributions. Figures 9.10 and 9.11 include the electron and ion side
radial q t*l profiles, both with (solid circles) and without (open triangles) ICRF,
for the low (95 kW) and high (460 kW) power fast wave experiments respectively.
The relevant edge parameters are presented in figures 9.7 and 9.8.
The variation of q*Ot* depends on both temperature and density variations.
For the low power case, the electron and ion side qt*tis are lower during rf in
the limiter zone. The principal cause of this decrease is the magnitude of the n,
reduction during rf such that the temperature increase could not compensate the
totaldensity loss. Near the antenna zone q," is greater during rf as the result of
large temperature increase. In the region sampled by Janus alone, we can obtain
the total power deposited into the region, Pto"', by integrating the function
(q I*Bl 2wrr) over minor radii. Due to the lack of the poloidal profile data for 11.5
cm limiters, poloidal symmetry is assumed. The total ICRF power deposited into
the region, Pt**t(ICRF), will equal the difference between the total deposited
power during rf and without rf. For the low power data, P"Otal(ICRF) on the
electron side is ~ -4.1 kW while POt"(ICRF) on the ion side is ~ -0.2 kW.
The reason behind the loss of power to the limiters during ICRF is because
of the large density reduction in the limiter zone which brings down the q *"'
in that region. Due to the large n, difference over 2 cm, a small fractional
reduction in n, would produce the results derived here.
For the high power case, with the exception of several points on the elec-
tron side near the limiter radius, the temperature increase throughout the entire
sampling region far outweights the density reductions. Pt*"L(ICRF) on the elec-
tron and ion sides are approximately 25.1 kW and 6.8 kW respectively. However,
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the total power on both sides still only account for less than 10% of the total
injected power, indicating that most of the ICRF power is still deposited in the
bulk plasma, probably in the form of large velocity tails".
9.2.2 The Fast Wave Experiment with 12.5 cm Limiters
This set of experiments was performed using 12.5 cm molybdenum limiters,
so the tip of the Faraday shield is only 0.5 cm away from the limiter edge. The
Faraday shields are made of uncoated stainless steel and all the alumina insula-
tors shown in figure 9.2 are in place as sketched. Due to geometrical limitations,
Janus can not reach the limiter zone defined in the previous subsection. The
majority of the ICRF discharges in this configuration use the minority hydro-
gen heating scheme with deuterium as the primary fuel species. The toroidal
magnetic field strength is typically set at - 12 tesla.
Figure 9.12 shows the radial profiles of the electron side and ion side edge
parameters with and without ICRF. Once again, the definitions of the symbols
are given in figure 9.7. For this set of scans, ft. - 2.1 x 1014 cm-3 and I, ~ 290
kA. When turned on, the fast wave antenna injects between 250-300 kW into
the plasma. The temperature profiles behave similarily as the limiter region of
the high power experiment discussed previously, staying essentially flat during
rf. Comparing the temperature behavior in the antenna zone, the temperature
increase here is much less than the 11.5 cm limiter case. However, keep in mind
that the antenna edge is only 0.5 cm away from the limiter edge. The density at
the antenna edge is thus much larger for the 12.5 cm limiter case. The density
difference between the two cases, on both the ion and electron sides, can be as
large as an order of magnitude. The densities on both sides drop as the rf is
turned on. Unfortunately the antenna can only be pushed to this power limit.
Therefore, the rising n, phenomenon at high power is not observed. There is
also no significant floating potential variation.
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Using the previously defined variables of AT. and (An,)/n,, we can inves-
tigate the effect of various input power level on the edge parameters. Figure 9.13
plots the two functions, on both the electron and ion sides, against total input
rf power. Unlike the previous experiments where the ion side change is more
dramatic, the changes on both sides are roughly equal. Both AT. and (An,)/n,
increase roughly linearly with increasing input power, although the scattering
become much larger as the rf power is increased.
9.2.3 Bernstein Wave Experiment
The Bernstein wave experiment used 12.5 cm molybdenum limiters. The
antenna itself can be moved radially to maximize the coupling. For most of the
time the antenna edge (as defined by the Faraday shield) was ~ 0.5 cm away
from the limiter edge. Unfortunately Janus was installed from the side of Alcator
C .for this experiment, thus direct comparison of the edge parameters between
the effects of the Bernstein wave and fast wave antennae can not be made.
Furthermore, the Bernstein wave antenna is a quarter loop antenna located 180*
away toroidally. Since the edge region is divided by the molybdenum limiters, it
is possible that the edge parameter variation is more pronounced in the other half
of torus. Typically the Bernstein wave experiment operates in the 11 harmonic
cyclotron resonance of hydrogen.
Figure 9.14 plots the electron and ion side radial profiles of the edge pa-
rameters with and without rf. For this set of radial scans the Bernstein wave
antenna inputs in ~ 80 kW of power. Several operating regimes are used for
the Bernstein wave experiment. For these discharges fi, 8 x 1013 cm~ 3 and
I, ~ 230 kA. The effect of the Bernstein wave on the edge plasma is not as
strong as the fast wave heating scheme. The amount of injected power and the
toroidal location of the antenna with respect to Janus may be partially respon-
sible. Both T and T, increases during rf are not as pronounced as the fast
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wave cases. n, drops on both sides when the rf is firing. During rf, slight Vf.
increases on both sides, at all radial positions, are also observed.
The maximum Bernstein wave power level sampled by Janus is only about
120 kW, thus the effect of the power level on the edge parameters is inconclusive.
For a limited range of rf power, T and n, appear to increase for increasing rf
power.
When the Bernstein wave antenna operates at a particular density regime,
i.e. l, ~ 1 x 1014 cm 3 , a large f, rise corresponding to the firing of the
Bernstein wave antenna is observed, although no increase of gas puffing was pro-
grammed. Figure 9.15 shows the ft. behavior corresponding to the rf. A trace
amount of silicon was injected into the machine both before and during the den-
sity rise, and the impurity confinement time can be measured by monitoring the
decay of helium-like silicon lines as a function of time2 . Figure 9.16 plots the
time histories of the He-like silicon injected before rf (at ti) and during rf (at
t2). The impurity confinement time, rsi, before the density rise, and thus before
the onset of the Bernstein wave, was ~ 9 ms. rsi doubled during the operating
period of the Bernstein wave antenna, which, if linking the impurity confinement
time scale with the bulk plasma confinement characteristic, would result in the
observed increase of the line-averaged central electron density. The total particle
flux diffused into the edge region is inversely proportional to the particle con-
finement time. Therefore, if the central particle confinement is increased, then
the reduction of particle flux into the edge region would naturally result in the
uniform decrease of edge densities. However, the ft, increase is only observed for
a very finite operating window. A similar silicon injection experiment performed
in conjunction with the fast wave experiment did not show significant impurity
confinement time variation.
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9.3 Impurity Release Mechanisms During ICRF
Given the edge variations observed by the Janus diagnostics, it is neces-
sary to correlate the impurity behavior with possible plasma-surface interaction
mechanisms. The possible mechanisms dealing with the release of limiter mate-
rials are described in Appendix A. These processes include: evaporation, arcing,
blistering and flaking, and sputtering due to high energy neutrals, fuel ions, or
impurities. Detailed impurity generation mechanisms on Alcator C during lower
hybrid heating' and ion cyclotron heating' have been previously investigated.
Blistering and flaking can be eliminated right away since their time behavior
for the impurity releases would be erratic, unlike the consistent nature of the
observed impurity radiation. Evaporation is also unlikely since the calculated
heat load to the surfaces is too small to account for the quantity of impurity
released. Furthermore, the time response of the impurity variation corresponds
very well with the on/off of the antenna. Such behavior would not be possible
if the nature of the impurity release mechanism is associated with the thermal
loading on the material surfaces since the cooling time for either the antenna or
the limiters would be much longer than the observed impurity decay time scale.
Arcing between the antenna and the vacuum vessel can be eliminated since
visual inspection of the antenna surfaces did not reveal any arc tracks. Further-
more, the antenna design includes an arc detector such that the antenna would
shut down upon the detection of an arc between the antenna and the vacuum
chamber. However, the possibility of many unipolar arcs between the antenna
and the plasma cannot be ruled out. Unipolar arcs can form when high T.
causes a sufficiently negative sheath potential such that cathode spots are initi-
ated. The arcs can be sustained as long as the cathode spots are maintained by
the deposited electrons.
The most likely cause of the impurity increase is due to physical sputtering,
which is directly proportional to the energies and masses of the striking neutrals
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or ions. During rf, large increases of both Ti and T, are observed. T figures
directly into the ion energy increase. T can be related to the increase in the
sheath potential, V,,th,. Therefore, when an ion enters the sheath region, it
would pick up an amount of energy equal to 9;V~h,.tt, where q, is the ion charge
state. The possible generation of a strong reactive field near the antenna10 has
also been proposed as an ion acceleration mechanism in place of Vh,,th. If
large quantities of highly charged impurities are present in the edge region, then
the impurity energy striking the material surface would be further increased due
to the large q;. Neutral sputtering could also contribute to the impurity release
mechanisms. From charge exchange measurements2 1 , large ion tails are generated
during ICRF. When charge exchanged, the neutrals would possess very large
energies (~ 1 - 10 keV) such that neutral sputtering could also be important.
However, neutral induced sputtering would not explain the fact that larger iron
impurities were observed for the noncoated Faraday shield experiments since
neutrals have no preferential sputtering location.
A previous study' of ICRF generated impurities on Alcator C revealed a
roughly linear increase of iron brightness as a function of RF power. Similar
trends have been observed in more recent experiments 1". In addition, the edge
temperatures also increase as a function of rf power. For the 11.5 cm limiter
case, with fast wave heating, there appears to be some direct heating to the edge
species in the antenna zone. This evidence suggests that the dominant impurity
release mechanism at both the limiter and antenna surfaces is likely to be due
to physical sputtering. Due to the higher mass of molybdenum over iron, the
sputtering yield of hydrogen on stainless steel is about an order of magnitude
greater than that of molybdenum. This and the larger temperature change in
the antenna zone may help explain the relative magnitude of iron increase during
ICRF.
Using an edge erosion code", which calculates the thermal sputtering rates,
and heating, evaporation/sublimation rates, we can model the time behavior of
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the impurities by incorporating the edge plasma parameters and the physical
properties of the exposed material. The total sputtering yield includes contribu-
tions from both the fuel ions and partially stripped impurities. The code was
used to model the previous ICRF experiment' and predicts negligible evapora-
tion yields. Modelling the physically sputtering yields, the results agree with the
observed impurity behaviors qualitatively, and within a factor of 2, quantitatively.
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CHAPTER 10
Summary
An important issue in designing future fusion devices is the role played by
the edge plasma. Present understanding of the behavior of edge plasma is very
limited. The focus of this thesis is to experimentally investigate the relevant
ion and electron parameters in the edge, or scrape-off region of the Alcator
C tokamak. The issues addressed in this thesis include the development and
application of an edge diagnostic capable of monitoring the relevant edge plasma
parameters. The observed edge phenomena are explained using simple, heuistic
arguments. During ICRF heating, measured edge parameters can be correlated
with plasma-surface interaction mechanisms in conjunction with spectroscopic
observations of impurity behaviors.
10.1 Conclusions
The instrument used to study the edge ion and electron parameters, de-
noted as Janus, is a bi-directional, multi-functional plasma diagnostic. Janus is
designed to measure most of the relevant edge parameters simultaneously along
both directions of a field line. The two sides are defined by the direction of
the plasma current, and are labelled as the electron and ion sides. On each
side of Janus there is an identical set of three diagnostics: a Langmuir probe,
a calorimeter, and a retarding-field energy analyzer (RFEA). All Janus compo-
nents are designed to withstand high heat fluxes. The probe head is detachable
to allow for easy maintenance. Physically, Janus is a "large" probe such that
the probe's perturbing length is longer than the connection length to the next
limiter surface. Therefore, the edge parameters measured by Janus are not equal
to the unperturbed plasma parameters, but rather they reflect the averaged char-
acteristics of the plasma within the sampling flux tubes.
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The RFEA measures the parallel energy distributions of the ions and elec-
trons. A typical RFEA requires a narrow entrance slit, at least two biasable
grid electrodes, and a collector. The slit must be shaped like a knife edge to
maximize transmission, be narrow enough to maintain a continuous sheath across
the opening, and tough enough to withstand high incident heat fluxes. The grid
design must consider space charge limitation, Debye-shielding, and nonperturb-
ing transmission characteristics. The transmission characteristics for both the
slit and the grids were examined using a 3-D Monte-Carlo, true orbit particle
following code and, for the operating regime of Janus, found to exhibit little
dependence on the particle energetics, analyzer geometry, and biasing schemes.
Using a programmable function generator, the Janus RFEA can be alternatively
biased to allow for measurements of both the electron and ion distribution func-
tions during the same discharge. Both distribution functions follow closely the
expected Maxwellian form. From these distributions, values of the ion and elec-
tron temperatures can be inferred. An energy shift in the integrated ion current
corresponds to the potential difference between the unperturbed plasma and the
RFEA entrance slit. Density measurements are difficult to obtain due to uncer-
tainties in the particle transmission coefficients at the grids.
The Langmuir probe is used- to measure the electron temperature, plasma
density, and floating potential. The Langmuir probe protrudes out of the Janus
housing and is aligned normal with respect to magnetic field lines. The elec-
tron temperature measurement is obtained by using a simple Langmuir probe
theory which fits only the exponential portion of the probe characteristic. T,
obtained by this Langmuir probe analysis agrees well with the value obtained
by the RFEA. T. obtained by using a more complete magnetized probe theory
which accounts for the perturbing effect of the probe size yields a lower value
as compared with both the RFEA measured T, and the exponential fitted T..
A difference of ~ 30% is commonly observed.
The calorimeter is designed to measure the total parallel heat flux incident
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on an electrically floating plate. Measurements of the parallel heat flux indicate
much lower total sheath transmission coefficients than those predicted theoreti-
cally. Uncertainties due to the energy reflection coefficient and the 3-D thermal
transport effect need to be resolved in order to measure accurately the total heat
flux. The calorimeters are also plagued by pickup problems.
Using Janus we conducted a detailed, localized investigation of the plasma
in the scrape-off region. The relevant edge parameters include the electron side
and ion side ion temperature from the retarding-field energy analyzers, and T.,
n,, V1l..t measurements from the Langmuir probes. During the tenure of Janus,
three different limiter geometries and various operating conditions were employed.
The operating parameters studied include line-averaged central electron density,
plasma current, magnetic field magnitude and direction (with respect to I,),
and plasma positions. Furthermore, Janus could be scanned in the minor radial
direction in order to study the spatial profiles of the edge parameters.
The parameter fi,/I, is found to be an appropriate scaling variable for
the edge parameters. To some extent, the effect of increasing central density
offsets some of the effect of increasing plasma current. Using 16.5 cm limiters,
at fi,/I, > 6 x 10" cm- 3 /kA, the edge temperatures and densities both drop
appreciably. This threshold matches the Marfe threshold found by LaBombard
and Lipschultz. The threshold increases as the limiter radius is decreased.
The measurements on the two sides of Janus revealed strong directional
asymmetry. The asymmetry is most strongly influenced by the magnetic field
direction and plasma in-out positions. Normally _t is aligned antiparallel with
respect to I,. In this configuration the asymmetry favors larger temperatures
and densities on the electron side. The asymmetry grows stronger as Janus
approaches the limiter edge. The radial dependence of the asymmetry reverses
when B 11 L,. Near the limiter radius the ion side parameters dominate despite
a shorter connection length. For normal magnetic configurations, shifting plasma
275
position toward the strong field side also forces the asymmetry to grow in favor
of the electron side.
The magnitude of directional asymmetry can not be explained by the con-
nection length alone, although simple modelling shows that the shift in plasma
position could affect the, asymmetry through connection length variation near
the limiter edge. A poloidal Langmuir probe array measured strong poloidally
asymmetric densities and T,. Poloidal asymmetric diffusion into different (elec-
tron and ion sides) flux tubes would magnify the asymmetry but fails to account
for the radial dependence of the asymmetry. Lack of flow velocity measurements
and supporting theory leaves the parallel flow as a possible but not verified
mechanism of generating the observed directional asymmetry.
Ion temperature is always found to equal or exceed the electron tempera-
ture. Comparison between the equipartition time scale and time scales associated
with other energy loss or gain mechanisms indicates weak ion and electron en-
ergy coupling in the scrape-off region of Alcator C. For all limiter configurations
studied, at ~ 1 cm into the limiter shadow, the TI/T ratio varies from 1.5 to 3
on both the electron and ion sides for low values of fi,/I,. The ratio reduces to-
ward 1 as f,/I, increases. Typically the T profile is steeper than the T, profile,
so that the Ti/T, ratio increases as Janus approaches the limiter radius.
The electron and ion temperature profiles are different as the result of
weakly coupled energy transport mechanisms in the scrape-off region. Detailed
energy balance in the scrape-off region is difficult due to unknown neutral and
impurity concentrations and spatial profiles. For both ions and electrons, the gain
mechanisms are dominated by perpendicular convection and conduction from the
bulk plasma, and the loss mechanisms are dominated by parallel convection to
the limiter surfaces and parallel compression in the presheath region. Assuming
the formation of the sheath potential, large xi/D_. ratios are necessary for
balancing both the ion and electron energy equations. X_/D i for the electrons
are greater than the ions to satisfy the requirement of maintaining the sheath
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potential. Charge exchange, electron impact ionization, and radiation processes
serve as the adjustment terms for the ion and electron energy equations. They
also determine the necessary neutral and impurity densities at different spatial
locations. Using the parallel convection term to model the loss and assuming
that the spatial profiles of the temperatures and densities stay exponential, the
total energy deposited into the edge region is found to exceed the total ohmic
input power. Poloidal and spatial profile adjustments are needed to properly
determine the total deposited edge power.
Large quantities of high-Z impurities were observed during both ion Bern-
stein wave and ion cyclotron fast wave heating experiments. For fast wave ex-
periments using 11.5 cm limiters, radial profile measurements at low rf power
indicate direct edge heating in the region immediately adjacent to the antenna.
Localized particle sources in the antenna zone, possibly due to increasing ioniza-
tion or desorption, are also observed. Near the limiter radius the edge density
drops during rf. The strong edge heating is extended beyond the antenna region,
into the limiter region (between the antenna and the bulk plasma), when the
injected rf power is increased. Simple energy accounting for both the limiter
and antenna regions show little or no power deposited into the edge region at
low power due to a stronger density decrease as compared with the tempera-
ture increase. At the high power level, < 10% of the total ICRF power can be
accounted for in the edge region. Similiar edge heating and density decreases
were found for Bernstein and fast wave experiments using 12.5 cm limiters. For
a specific operating window, at ft, ~ 1 x 104 cm-3 and 4, ~ 260 kA, a large
central density increase was observed during Bernstein wave operation without
increased fueling. Spectroscopic measurements of He-like silicon time histories
show a factor of two increase in impurity confinement time during rf. However,
no similar confinement time increase was observed for other operating regimes.
The impurity increase is most likely caused by increased physical sputtering
due to the temperature increase. Unipolar arc is another possibility but visual
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inspection of the antenna surfaces failed to show any evidence of arc tracks.
Evaporation is unlikely due to insufficient temperature rise at the material sur-
faces and the rapid decrease of impurity concentration upon the termination of
the rf pulse. Blistering and flaking have erratic release behaviors, which do not
match the spectroscopically observed time histories of the impurity radiation.
The edge erosion code used to model previous ICRF experiments also points to
sputtering as the dominant impurity release mechanism.
10.2 Suggestions for Future Work
The application of Janus to study the edge parameter variations for differ-
ent operating conditions has uncovered many edge phenomena that cannot be
satisfactorily explained without further experimental verification. The fundamen-
tal issue concerns the relationship between the Janus measured parameters and
the actual plasma parameters without the probe being present. Due to the di-
mension of Janus, the probe is a "perturbing," or large probe. The only theory
developed for interpreting the large probe data is not valid for the typical op-
erating regime of Alcator C. Without proper interpretation of valid large probe
theory, the parameters measured by Janus only reflect the averaged values of the
plasma within the sampling flux tube.
To determine the perturbing effect of the large probe, it is desirable to have
a separate scannable, nonperturbing probe, such as a simple Langmuir probe,
positioned in front of the large probe. Then with the large probe present, the
nonperturbing probe can scan, along the minor radius, from a perturbing region
into the shadow of the large probe, to a unperturbed region beyond the large
probe. Such a radial profile would help resolve the question regarding different
transport processes at different regions.
The diagnostics within the Janus package can also be modified to allow the
probe to become a more versatile and powerful instrument. A simple upgrade
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of the RFEA could be achieved by employing multiple slits and corresponding
collectors located at different radial locations. The grid electrodes can be shared
by all slit-collector combinations. The only restriction of the design would be
the ability to machine the tightly spaced slits. The slits and the collectors must
be separated by at least a couple of gyroradii so the signals at different radial
positions would not be mixed up. The power supplies for the grid electrodes must
be able to deliver high power and high voltage since power supply saturation
has already been observed in some cases for the present single slit design. The
employment of such a multi-positional RFEA would enable us to map out a
radial profile of the edge parameters without moving the probe, which will also
add another piece to the missing information regarding the large probe effect.
The major disappointment of the Janus experiment is the failure of the
calorimeters to operate consistently and reliably. The initial design guideline
for the calorimeter plate did not include the energy reflection characteristics of
the plate material. A better choice for the calorimeter plate would be carbon.
Then the thermocouple could be attached to the back of the plate by using
special vacuum compatible epoxy. It would also be desirable to attach a third,
biasable lead to the calorimeter plate. Then the biasable calorimeter would be
able to measure the contribution of a specific portion of the particle distribution
function.
Observation of directional asymmetry leads to the question of the possible
existence of parallel flow. Knowledge of the magnitude of the flow velocity and
its spatial variations would also enable us to determine the relative importance of
the viscosity contribution in the ion and electron energy equations. In Chapter 7
possible mechanisms of generating parallel flow have been proposed. To measure
the parallel flow velocity experimentally, nonperturbing, bi-directional Langmuir
probes can be employed. The flow velocity can be determined by the ratio of the
parameters on the two sides. Unfortunately, parallel flow theory is still in the
developmental stage. Another alternative in measuring the parallel flow would
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be to use spectroscopic techniques. By focusing the viewing angle along a field
line, flow velocity can be inferred by measuring the Doppler broadening of a
specific impurity line. Such a technique has been successfully employed in fusion
devices to measure poloidal rotation.
The primary function of Janus is to measure the edge ion and electron pa-
rameters. However, as uncovered in Chapter 6, the impurity and neutral concen-
trations and spatial profiles could contribute toward the ion and electron energy
balances. Furthermore, knowledge of the quantitative behaviors of the neutral
and impurity species would help us understand the mechanisms of plasma-surface
interactions and edge atomic and molecular processes. The impurity parameters
can be monitored by using spectrometers or surface deposition probes. Previous
attempts at using a low-energy neutral time of flight energy analyzer were not
successful due to large background noises. Efforts in monitoring the edge neutral
and impurity parameters should be continued and intensified since they play a
vital part in both the edge and bulk plasma behaviors.
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APPENDIX A
Recycling and Impurity Release Mechanisms
In either limiter or divertor-controlled plasma discharges, the edge region is
where plasma first intersects a solid material surface. As the result of plasma-
surface interactions, particles are released from the solid into the edge plasma
region. There are three separate catagories of plasma-surface interaction mech-
anisms: recycling, low-Z, and high-Z impurity release. An excellent review is
given by McCracken and Stott'. These three mechanisms are now discussed in
turn.
A.1 Recycling
Recycling includes all processes which allow a fuel ion incident on a ma-
terial surface to return to the edge plasma. The released ions could come from
two different catagories, from either the trapped gas already in the solid or
backscattering of the original incident ions.
As ions or neutrals strike a solid material, they experience a series of elastic
and inelastic collisions. A certain fraction of the particles, R,, incident on the
solid is released, or backscattered, back into the edge plasma region, carrying
away a certain fraction of energy, RS. P, and R& are functions of the reduced
energy eE, where
ao m2 E (.1ER = , 2 E(A.1)
e2 (mi+m2)ZiZ 2 (Z+Zj)
and Z 1 , m1 and Z 2 , m 2 are the mass and charge numbers of the incident ion and
target atom respectively , e = 1.6 x 10-19 coulomb, ao is the Bohr radius, and E
is the incident ion energy. Therefore, R4 and R, increase as E decreases and m 2
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increases. However, as E is reduced below 1 keV, the backscattering coefficients
become very difficult to measure2 ' 3 . These values can only be obtained by using
computational models. For hydrogen incident on molybdenum, typical values are
R, - 0.4 and R - 0.3. For tungsten, R, - 0.8, and R - 0.6. Furthermore,
in a magnetized environment, plasma is gyrating about magnetic field lines and
can, on average, have an oblique incident angle with respect to the surface4 . The
reflection coefficients increase as the incident angle deviates away from normal
or 90* incident angle.
The incident particles that are not backscattered will slow down and become
tmpped in the solid. Once implanted, particles can diffuse within the solid and
be reemitted when they reach the solid surface. The rate of reemission depends
on the types of trapped particles, and also on the condition of the solid such
as temperature and degree of damage. Hydrogen has a high diffusion coefficient
in metals, even at room temperature. Increased solid temperature will enhance
diffusion.
Ion impact can also affect particle recycling. The detailed mechanism is not
fully understood, but in practice the rate of recycling can be quite well described
by cross sections. The ion-induced detrapping cross section does not strongly
depend on the solid temperature, but it does vary for different target solids.
Typically the cross section peaks at around 5-10 keV and decreases sharply as
the incident energy is decreased and a more gradual change is seen as the energy
is increased.
The backscattered particles are principally neutrals, carrying away a fraction
of the original incident energy equal to RE. Compared to the reemitted neutrals,
the backscattered particles possess much higher energy and will travel further
back toward the bulk plasma region before ionization or charge exchange. A
detailed description of the plasma-neutral interactions is given in Appendix B.
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A.2 Low-Z Impurity Release Mechanisms
The low-Z impurities arise from the release of low-Z gases, such as oxygen,
carbon, and nitrogen, that are previously adsorbed on the solid surface. These
gases can be adsorbed on surfaces by a variety of mechanisms, including the low-
binding-energy (- 0.5 eV) Van der Waal's forces, more strongly bound (several
eV) chemical forces, or by trapping at imperfect sites within the solid. The
impact of low-Z impurities on the bulk plasmas is described in Chapter 1. Low-
Z impurities can be released by a range of desorption processes which include:
thermal, particle, and chemical mechanisms.
The rate of thermal desorption can be described as
dc(t) oc e-b/T (A.2)
dt
where c is the concentration of the low-Z impurity, Eb is the binding energy,
and T is the solid temperature. A large fraction of the weakly bound particles
can be baked out to reduce the low-Z impurity concentration during experiment.
During the experiment, thermal desorption is believed to play a minor role in
the release of low-Z impurities.
Particle desorption includes desorption due to the bombardment of energetic
ions and neutrals, electrons, and photons. For ion and neutral bombardments,
the desorption mechanism depends on many parameters, including particle flux,
incident particle mass, energy and incident angle, and the concentration and
binding energy of the impurity. From a simplistic point of view, ion and neutral-
induced desorptions are the direct result of momentum transfer from the incident
particles to the trapped particles, causing the detrapping of low-Z impurities
which can diffuse through the solid lattice and be reemitted. Glow discharge
cleaning is just an extension of this type of desorption process.
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Electrons, due to their light mass, have insignificant impact on momentum
transfer. However, they can excite the atoms or molecules into unbound states,
which are repelled from the surface. Photon-induced desorption is just an exten-
sion of the electron-induced desorption. Photoelectrons are produced in the first
stage of the process before the electron excitations take place.
Low-Z impurities such as carbon and oxygen are very susceptible to chem-
ical reactions with incident ions or atoms, leading to the formation of more
weakly bound molecules. The molecules can then be more readily desorbed.
This mechanism is also referred to as chemical sputtering. For limiters made of
low-Z materials such as carbon and silicon, the chemical desorption mechanism
can play a dominant role in the release of limiter materials over other processes
that will be described in the next section.
A.3 High-Z Impurity Release Mechanism
The high-Z impurities are either wall or limiter materials. Their release
mechanisms are different than the two previously described mechanisms, and
include processes such as evaporation and thermal shocks, sputtering, arcing, and
blistering. For a reactor regime plasma, the control of high-Z impurities is crucial
in reducing the radiative energy losses which would quench an otherwise ignited
plasma. Even for present day experiments, radiation can play an important
role in the overall energy balance of bulk plasmal, especially during rf heating
experiments-'8 .
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A.3.1 Evaporation and Thermal Shock
Evapomtion and thermal shocks arise from surface heating due to the plasma
heat flux deposited on the material surface. The evaporation rate can be de-
scribed as
dc(t) a e -Hab/kT(t)
dt T(t)
where c is the concentration, a is the sticking coefficient of the atom at the
surface, A is the atomic number, T is the surface temperature, po is a constant
associated with the vapor pressure of the solid, and AHa, is heat of sublimation
of the evaporated material. The higher the melting of a material, the higher the
AH,.b will usually be.
The surface temperature rise corresponding to an incoming heat pulse de-
pends largely on the material's thermal properties. During the plasma discharge,
the time scale of the heat pulse is short (- 100 ms) in comparison with the
thermal decay time which is on the order of seconds. Therefore the solid sur-
face could heat up to high temperatures which would cause evaporation. From
equation (A.3), the characteristic of evaporation-induced impurities release is ap-
proximately exponential. Therefore evaporation can be monitored by using spec-
trometers looking at the time behavior of the impurities in question.
A.3.2 Sputtering
Physical sputtering is predominantly a momentum transfer process. When
an energetic ion or neutral strikes a solid it produces a collision cascade by col-
lisions with the lattice atoms. Sputtering takes place when this cascade results
in a surface atom receiving enough energy to exceed its binding energy and es-
cape. The sputtering yield is inversely proportional to the material's sublimation
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energy and directly proportional to the energy transferred from the incident par-
ticle to the lattice atoms. Therefore the sputtering yield is larger for low melting
point materials and for low mass incident particles such as hydrogen and helium.
Theoretically there is a general sputtering energy threshold Eiimat below
which insufficient energy is transferred to the lattice atom for sputtering to take
place:
ELimit = E . (A.4)
17,-(1 - -,)
where -y,. = reduced mass
4m, m2  . (A.5)
(Mi + M 2 ) 2
mI and m 2 are as defined in section A.1. For molybdenum, the threshold ener-
gies are 176 eV, 94 eV, and 53 eV for incident hydrogen, deuterium, and helium
respectively. Above the threshold the sputtering yield increases roughly linearly
with energy, but reaches a maximum in the range of 1-10 keV (for light ions)
and slowly decreases above 10 keV. The sputtering yield is also dependent on
the incident angle. This can be tied to the angular dependence of the particle
and energy reflection coefficients previously discussed.
In the edge region of tokamaks, material in contact with the plasma will
develop a sheath potential in order to balance the incident ion and electron
fluxes. Along the field line, this potential is negative due to the electron's high
mobility. Section 2.1 gives a simple review of the physics behind the formation
of a stable sheath. Since ions dominate the sputtering process, the negative
sheath will further accelerate the ions toward the material surface, increasing
the sputtering yield.
When the sputtered particle is ionized and returns to the material, this
process, called self-sputtering, can cause further sputtering. Since the wall par-
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wticles are usually high-Z, and thus highly ionized, a high-Z impurity particle
can pick up a large quantity of energy as it accelerates through the sheath po-
tential. Therefore a very small impurity concentration may lead to a runaway
situation where the sputtering yield exceeds 1. It is conceivable that impurity
self-sputtering may be more important than the sputtering caused by fuel parti-
cles.
A.3.3 Arcing
Arcing can occurs between the plasma and the material surface when the lo-
cal potential difference exceeds the requirement to sustain an arc. This potential
difference can arise from sufficiently high electron temperature which increases
the negative sheath potential. When a cathode spot is initiated on the mate-
rial surface, strong local electron emission will reduce the sheath potential so
more electrons can reach the surface, setting up a circulating current. The arc
is sustained as long as the hot cathode spot can be maintained by the deposited
electrons.
The amount of material removed as the result of arcing is directly propor-
tional to the charge transfered. The erosion rate is highest for metals of low
melting point and low thermal conductivity. A typical erosion rate for molybde-
num is approximately 0.05 atoms/electron.
A.3.4 Blistering
When a material is subjected to a large dose of incident ions, and the
range of the ion implantation, R., is large while the sputtering yield, Sield, is
small, blistering can occur when a large concentration of gas is built up near
the surface, causing pieces of surface material to break off and fall into the
plasma. The occurrence of blisters is primarily due to light ions such as hydrogen
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and helium. The exact mechanism of blistering, however, is still subject to
ontroversy. Current theories contend that blistering is either gas-pressure driven
or due to differential expansion of the implanted layer due to radiation damage.
There is a critical dosage for blistering, Dc, proportional to
-, < , (A.6)
n, Svi.1d
where ni is the atomic density of the lattice. Below D, essentially all incident
ions are trapped in the surface and blistering yield is low. A large chunk of
material may be released into the plasma as the result of blistering. The diameter
of the blisters, db, increases with incident particle energy. In many cases, the
blister thickness, tb is also found to increase as 4 increases.
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APPENDIX B
Edge Molecular and Atomic Processes
As the result of plasma-surface interactions and refueling, large amount
of neutral atoms and molecules reside in the edge plasma region. These neu-
trals may be fuel particles from refueling and recycling, or impurities due to
various plasma-surface interaction mechanisms. Thus the edge region is an ex-
tremely complex region dominated by not only plasma physics phenomena, but
also strongly influenced by molecular and atomic processes. This appendix offers
a brief review of some of the important molecular and atomic processes that
may occur in the scrape-off layer of Alcator C. The processes reviewed include
ionization and dissociation, charge exchange, and radiation.
B.1 Ionization and Dissociation
Both molecular and atomic hydrogens are present in the edge region. Most
of the molecules reside near the wall and limiters while atoms populate the re-
gions closer to the bulk plasma, away from any surface structures and gas puffing
ports. Interactions with both types of neutral particles must be considered in
modelling the edge region.
- The ionization and dissociation processes are dominated by electron impact.
In the energy range of interest (10 eV < T, T. 5 10 keV) to fusion plasmas,
the important electron impact processes include
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e- + H 2 --+H2 + 2e-,
e- + H 2 -+ 2H + e-, molecular dissociation, (B.2)
e~ + H 2 -+ H + H+ + 2e-, molecular dissociative ionization, (B.3)
e + H2 -+ 2H, molecular dissociative recombination, (B.4)
e + 2 -+ H + H+ + e-, molecular dissociation, and (B.5)
e- + H -+ H+ + 2e-, atomic ionization. (B.6)
These processes can also be induced by photons. However, the photon-induced
cross-sections are much lower and the photon population is also much smaller
than the electron density, so the electron impact processes are expected to dom-
inate.
The reaction rate for a specific electron impact process j is defined as
electron impact reaction rate nj n, (a v)j, (B.7)
where n. is the electron density, nj is the density of the neutral in question, and
(av)j is the reaction rate. For n, ~ 1 x 1013 cm- 3, the solid curves of figure B.1
plot the function n, (av) for the 6 dominating electron impact processes1 listed
in equations (B.1) - (B.6).
In the edge plasma region, 5 eV < T, 30 eV, where T, is the electron
temperature. In this temperature range, we found that the molecular processes
are in general larger than the atomic process by factors ranging from 2 to 10.
The overall reaction rate, however, depends on the concentrations of both molec-
ular and atomic hydrogen. Due to their large reaction rates, molecular hydrogen
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molecular ionization, (B.1)
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Electron impact ionization, dissociation, and recombination reaction
rates (solid lines), and charge exchange reaction rate for atomic hy-
drogen (dashed line).
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is quickly ionized, and through dissociation and recombination processes, converts
to atomic hydrogen.
Using a simple model, we can estimate the mean free path of a hydrogen
molecule in the edge region of Alcator C. The effective mean free path, Amfp, is
appraximately equal to the molecular velocity Vmoieeti,, divided by the function
n, {OV ),
A,,p VMOICI (B.8)
n, ({v)1
Assuming a 3 eV molecule, and using the total reaction rate of the electron
impact process on H 2 , \,f, ~ 4 cm. As soon as the neutral hydrogen molecules
are ionized, the dissociation and recombination processes take over and H2's are
quickly converted to neutral and ionized hydrogen atoms.
The edge probe experiment described in this thesis is located approximately
67 cm away from the nearest limiter surface and 130 cm away from the main
gas puffing port. The vacuum wall is located at a minor radius of approximately
19.3 cm. For the 16.5 cm limiter radius experiment, the impact of molecular
hydrogen on the overall particle and energy balance could be significant. For the
12.5 cm and 11.5 cm limiter radii experiments, atomic processes should dominate
as most of the molecules should already be ionized and dissociated into atomic
forms.
Reference 2 tabulates all the reaction rates of the electron impact processes
and fits them with a complex polynomial function. For electron impact ionization
of atomic hydrogen
(2.94 x 10-5 T.)4
1 + (0.099 Te) 3 1 + (0.059 Te)4.2
5 7
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where (a v) .3, is in m 3 /s and T. is in eV. Once T,, n., and nH are known, the
reaction rate of of this process can be easily calculated. In actual experiment,
nH is the only unknown. Therefore the ionization energy loss is also unknown.
B.2 Charge Exchange
When a charged particle collides with a neutral particle, the resonant elec-
tron could be transferred from one particle to the other; this process is defined
as charge exchange. When the neutral energy is much different, usually lower, as
compared with the ion energy, charge exchange processes may play a major role
in the overall energy balance in the edge plasma region. The principal resonant
charge exchange processes are
H2 + H2 -+ H2 + H2, molecular charge exchange, and, (B.10)
H+ + H - H + H+, atomic charge exchange. (B.11)
The dashed line of figure B.1 plots the function ni (ov),, for the atomic process
assuming ni, the proton density, is ~ 1 x 1013 cm-3 . The molecular resonant
charge exchange rate is lower than its atomic counterpart by about an order
of magnitude. Combined with lower molecular density, the process described
in equation (B.10) can be neglected. For 10 eV < Ti < 100 eV, the charge
exchange reaction rate is tabulated in functional form in reference 3
(e v)c.(H) ~ 1 x 10-s .0 3 6 cm 3/s, (B.12)
where T is in eV.
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The ion temperature, Ti, is typically 1-3 times T.. In addition, the neutral
energy is typically 2-3 eV. Therefore the charge exchange energy loss could play a
major role in the ion energy balance if the atomic concentration is large enough.
B.3 Radiation
When a test charged particle interacts with the Coulomb field of a field par-
ticle, inelastic collisions with the field particle's atomic electrons or nucleus would
produce a significant change in energy that may cause the production of photon,
or radiative energy loss. In either collisional process, the rate of energy radiated
is inversely proportional to powers of the mass of the test particle. Therefore,
for Ti - T., electron interaction dominates the radiation phenomena' 5 .
B.3.1 Bremsstrahlung and Cyclotron Radiation
When an electron moves by the Coulomb field of the nucleus, it could
experience an acceleration and as a result emit continuous radiation in the
range of near infrared to X-ray wavelengths. This radiation is referred to as
bremaatvvhdung radiation4 '". The energy radiated per unit time classically is given
by
d E_ " 2 e2 Z a2
Qbr,.,n = ad c (B. 13)dt 3 c3  (f3
where e is the speed of light and a is the acceleration. For bremsstrahlung radi-
ation, a is deduced from the Coulomb force. The total bremsstrablung radiation,
therefore, is equal to
Q,.,m ~ 5.35 x 10-31 n, T? (ni Z ) W/cm3 , (B.14)
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where the total radiative power is summed over all the ion species in the plasma.
T is in keV and the densities are in cm- 3 . From equation (B.14), bremsstrahlung
radiation increases for higher electron temperature and density, and also for in-
creasing ion density and its associated charge states.
When an electron gyrates about a magnetic field line, the centripetal ac-
celeration replaces the the Coulomb field induced acceleration in equation (B.13)
and cyclotron radiation in the infrared to microwave ranges would be emit-
ted. The cyclotron radiation, unlike the bremsstrahlung, is emitted in discrete
frequencies which are different harmonics of the cyclotron frequency (equation
2.70)). Electron cyclotron emission in the bulk plasma region can be used to
infer central electron temperature' and the energy distribution function7 .
Cyclotron radiation can be reabsorbed by an optically thick plasma at the
emitted cyclotron frequency. For an optically thin Maxwellian plasma, the total
cyclotron radiation can be approximated as
QI,, 5 x 10~"n3 T,2  W/cm3 . (B.15)
T, and n, have the same units as in equation (B.14).
B.3.2 Radiative Decay and Recombination
When a free electron Coulomb collides with a bound state electron, the loss
of the kinetic energy is equal to the energy gained by the bound electron. Since
each atom has fixed electronic energy levels the free electron cannot transfer
any variable amount of energy to the bound electrons, but rather it must excite
the atom to allow the bound state electron to jump to a specific excited level.
Photons are emitted as the excited bound state electron decays to a lower energy
level. A complete derivation of this problem can be found in reference 8.
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Free electrons can also be captured by ions. Radiation is emitted as the
result of this recombination. The total photon energy released per recombina-
tion event corresponds to the ionization potential plus the kinetic energy of the
incident electron.
In the edge plasma region, large populations of bound state electrons are
present in both the neutral hydrogens and neutral or partially stripped impu-
rities. Both the bremsstrahlung and electron cyclotron radiations are small in
comparison with the radiative decay and recombination processes.
In the edge region where the particles are lost quickly to the limiters
through parallel convection, the edge plasma is seldom found in coronal equi-
librium where the radiative decay and recombination processes along with the
ionization and excitation processes must have sufficient time to establish an equi-
librium. Nevertheless, coronal equilibrium models are still used frequently due to
simple cross section calculation techniques. Post, Jensen, and co-workers' used a
modified coronal equilibrium model and calculated the charge states and radia-
tive cooling rates for different impurities in the range of 2 < Z < 92. In their
model, they accounted for all the radiation phenomena discussed in this section.
For an impurity density, nz, the total radiated power from all ionization states
can be expressed as
Qrad = ne nz Pz, (B.16)
where PZ is a cooling rate coefficient. Figure B.2 plots Pz as a function of the
electron temperature for carbon, oxygen, and molybdenum. We found that for
carbon and oxygen, Pz peaks at the T, range of interest. For molybdenum, Pz
is at least an order of magnitude larger than the low-Z impurities. However,
the concentration of molybdenum is also smaller than the low-Z impurities. De-
pending on the type of impurity and its concentration, radiation could play an
important role in the overall electron energy balance in the edge plasma region.
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The onset of Marfel", a poloidally asymmetric edge phenomenon where the in-
ner portions of the plasma near the edge region become denser and cooler, is
a possible manifestation of a thermal instability where the impurity radiation
becomes the dominant energy loss mechanism in the edge plasma region.
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APPENDIX C
A 3-D Monte-Carlo. True-Orbit Particle Following Code
It is very difficult to predict the particle transmission characteristics in
complicated geometries with strong electric and magnetic field variations, such
as the environment inside a retarding-field energy analyzer (RFEA). Furthermore
the particle energy can only be characterized by distribution functions. Parti-
des residing in different velocity regions can exhibit very different transmission
characteristics through different RFEA components. In order to show the vi-
ability of an RFEA-type of edge plasma diagnostic, it is important to study
the influence of the analyzer geometry, applied electric and magnetic fields, and
particle energetics on the collected distribution. To this purpose we developed
a true-orbit particle-following code using the Monte-Carlo technique to generate
particle velocity distributions.
The code handles the analysis of ion transmission only. Electrons have
very small Larmor radii, p., as compared with the geometrical scale length of
the RFEA. Thus we can treat the electron transmission problem like photon
transmissions, without the magnetic field effect. The ion Larmor radius, pi, on
the other hand, is on the same order as the RFEA scale length. Therefore we
must rely on this code to study the detailed ion transmission characteristics.
C.1 Code Principles and Assumptions
In a magnetized environment a charged particle travels along the magnetic
field line in an helical motion. To solve for the particle motion we must first
solve for the equation of states:
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Mi = qiE+vxB, and (C.1)
= V, (C.2)
where q, is the ion charge and mi the mass; E is the external electric field and
B the external magnetic field; v and x are the particle velocity and position
vectors respectively.
The external electric and magnetic fields are prescribed analytically. For
simplicity of calculation the direction parallel to the magnetic field is defined as
the z direction. This is also the direction in which the RFEA is designed to diag-
nose. The direction parallel to the slit is the y direction, and the perpendicular
to the slit is the z direction.
To simulate the RFEA geometry we installed 3-D spatial grids. The grid
dimensions are variable to form "boxes" that can be designated to be either a
solid or vacuum. These features allow us to model each component of the RFEA
with the flexibility of varying the geometry in order to study the geometrical
effects, for example, to study the influence of various slit geometries (section
3.2.1). The solids are assumed to be fully absorbent, i.e. the particles are
immediately absorbed when they intersect a solid-vacuum interface.
An additional feature in modelling the mesh geometries is the inclusion of
a "random" starting position for the mesh with respect to the slit position. Two
random numbers generated at the start of the code allow the mesh position to
shift in both the horizontal (y) and/or vertical (z) directions. This feature is
incorporated since we have no knowledge of the exact mesh position with respect
to the slit location. It is also needed to study the effect of mesh geometry and
the Markoff behavior of the particles described in section 3.2.2.2.
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C.2 Particle Tracing Model - Leap-Frog Technique
The numerical technique for solving equations C.1 and C.2 is different for
each particle tracing model used. It is important to choose an accurate particle
tracing model to minimize error build-up for every incremental time step. Section
C.3 will be devoted to the error analysis of the technique. Another important
criterion is the speed and efficiency of the technique as a particle is pushed
forward one time step at a time.
Base on these criteria the Leap-Frog Method (LFM)1 was chosen. LFM
finds new velocity components at every half time step while calculating the dis-
placements at every time step. The method solves for the following equation of
states:
,n -I + At +R,-- x R"); (C.3)
2mi
-+ -i +- (v +g" x BB"); (C.4)
mj
_+ = +1 + -(E + +v 2x+Bx B~+); and (C.5)
2m,
_+ = g" + ti+1 At. (C.6)
Here At represents the time step for each calculation, and n represents a specific
time step. Therefore at the beginning of each new time step the initial state
of the particle is changed by substituting in v +2 as the "previous" v -- , and
,n+l as the previous z".
If zn+ falls within a solid grid boundary, the code is reversed such that
a new At is calculated which would force the particle to intersect right on the
solid-vacuum interface instead of somewhere inside the solid.
303
C.3 LFM Error Analysis
C.3.1 Perpendicular Component Error Analysis
We can monitor the accuracy of the LFM by monitoring the change in the
ion Larmor radius (p;) for each time step. pi is defined as:
m tPJ (C.7)
where v2  = V2 + V2, and (C.8)
B = |BI. (C.9)
Since the magnitude of B does not change in time and space (uniform
magnetic field), and if there are no stray electric field present in the RFEA
chamber (E. only), the perpendicular velocity (wi,) should not change as the
particle marches forward in time. Therefore the perpendicular error analysis
is simply achieved by monitoring the change in the perpendicular energy, or
equivalent to the change in v2 for each time step. This monitor is defined by
the ratio j6, where
-= . (C.10)
Using equations C.3-C.5, we can analytically calculate fl:
#3 = 1 + (w, At)2 + - (w1 At)4 + -* . (C.11)2 16
wi is the ion gyrofrequency defined in equation 3.8. P calculates the incremental
perpendicular energy for each time step At. The error in pi is just equal to
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. Since wi is fixed, At must be "small" such that the total error of the
perpendicular component is small.
For typical Alcator C parameters (see Table 1.1) and a deuterium plasma,
we found w; = 3.86 x 108 Hz. Choosing At = 1 x 10-11 s, we obtain 0 =
1.0000037. For typical RFEA analysis an ion travels through the entire analyzer
chamber in about 1 x 10' second. Therefore, even if we follow the particle
through the entire analyzer region, the total error is approximately 3.8%. Since
we routinely only follow the particles for a much shorter time when following
them through only a single RFEA component, At = 1 x 10-" second is quite
adequate for our analysis.
C.3.2 Parallel Component Error Analysis
Parallel to the magnetic field there is no B dependence in the equation of
motion and the velocity increment for each time step is given as
n+1 n +qi At
+ = t," + mi (E," + En+1 ). (C.12)
Since there is no velocity dependence in equation C.12, there should be no par-
allel component error unless the presription of E, as a function of space is not
sufficiently accurate.
Inside the RFEA there is no region except at the mesh-vacuum interface
where E. would be changing drastically. This can be remedied by changing At
at the interface such that the particle stops at the interface, thereby avoiding
jumping across a boundary where E. changes abruptly. Also in equation C.12
the applied E, is taken to be the average of the E. values at two spatial positions
X" and x1+1 in order to minimize the error in regions where E, is changing.
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C.4 Selecting Particle Launching Velocities
The RFEA measures the parallel energy distribution of the incoming ions
and electrons. As shown in section 4.1, the parallel ion energy distribution is
approximately equal to a Maxwellian shifted by a uniform energy corresponding
to the potential difference between the slit and the plasma. In the perpendicular
directions, the potential should not perturb the distribution functions and they
should remain as Maxwellians.
To simulate a Maxwellian distribution we launch particles in a Monte- Carlo
fashion using a random number generator and appropriate transforms2 . There
are several ways to generate a Gaussian distribution using random numbers, j.
The simplest method is to follow the Central Limit Theorem. Statistics. The
Theorem states that if the 4i are independent random numbers with mean I and
variance a42, then
1= 4i (C.13)
i=1
is normally distributed with mean nf and variance naf 2. In practice, n, approx-
imately 4 to 8 is adequate and the resulting distribution is primarily valid for
IV - V I < nw, 2 . The transformation between normal distributions is
i i 
, (C.14)
CrV all r.T (C.15)where av
= n , and (C.16)
, = 2na42. (C.17)
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v, is defined as the velocity of a particle in one direction. Defining i = 0, we
can obtain vi by:
S = - .(C.18)
Using n =5 in equation C.18 we obtain:
V = 1.095i V - 2.5), (C.19)
where vh = .cT (C.20)
In the parallel direction the velocity distribution must be modified by in-
cluding an energy shift. This can be easily modified by defining a new v.
new = 2 + Vi,, (C.21)
where qVa1 ft corresponds to the amount of energy picked up by a charged par-
ticle as it travels through a potential drop, i.e. like an ion accelerating through
a negative sheath potential.
Figure C.1 displays a set of launched distributions for all three velocity
components totaling 3000 particles. For this case, Ti = 25eV, T. = 15eV, and
the parallel velocity component is shifted by a sheath component ~ 2.8 T, (see
figure 2.2). Each velocity component is normalized by the ion thermal velocity.
The open squares are the launched distributions obtained by finding the total
number of particles launched within a finite velocity strip and normalized to
the total launched particles. The solid lines are the theoretical fit expected for
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each velocity component. Increasing the total number of launched particles im-
proves the statistics, but at the cost of computer time. Typically 3000 particles,
launched one at a time, are sufficiently accurate for our purpose.
C.5 Running the Code
Figure 3.5 shows a cross sectional view of the RFEA geometry. It is very
expensive to launch a large number of particles and then follow them through
the entire geometry, for example, from before the slit entrance to the point of
collection. To minimize the computation time while retaining good statistics, it is
necessary to examine the transmission characteristics of a single component of the
RFEA. For example, one can look at only the slit transmission for different slit
geometries or at different applied mesh potentials for mesh transmissions. The
overall transmission characteristics can simply be multiplied together provided
that the transmission characteristics of any single component would not depend
on the transmission characteristics of any other RFEA component. Thus we
can refer to each transmission as a Markoff process, i.e. the previous process
is erased from the particle's "memory" and the next process is an entirely new
and independent task.
It is necessary to use a step-by-step particle following code to keep track
of the positions and velocities of each particle as they travel through the RFEA
components. In doing so it is necessary for us to install a number of diagnostics
within the code in order to examine the transmission characteristics. The crucial
parameters that we monitor include the particle's initial and final positions and
velocities. In doing so we can determine each velocity component's transmission
characteristic in order to evaluate the RFEA's viability as a diagnostic to mea-
sure the parallel energy distribution function. These transmission coefficients for
different components of the RFEA are further examined in section 3.2.
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Figure C.1 The launched distribution functions of the v., v,, and v. velocity
components (dots) and their theoretical Maxwellian fits (solid lines).
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Another important parameter is the location of the particle when it is ab-
iorbed. This parameter allows us to determine whether the particles are absorbed
on the front surface of a RFEA component or on the side of the component. The
front incident particles are in general not a function of the magnetic field. If the
particles absorbed on the sides of the component are assumed to be transmitted,
the total transmission coefficient actually comes very close to the geometric trans-
mission coefficient determined by the mesh dimensions. Thus the side absorbed
particles reflect the magnetic effect of the particle transmission characteristic.
This effect is tabulated and incorporated as the true ion transmission coefficient
used in the analysis of the RFEA output, and it is described in more detail in
section 4.1.
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